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Abstract: The expansion of irrigated almond orchards in arid and semi-arid areas with scarce
water available raises key issues related to the sustainability of the water resources. A 3-year field
experiment was conducted on a commercial young almond orchard located in the southeast of Spain
to study the effect of two drip irrigation systems (surface, DI and subsurface, SDI) on almond crop
growth and their physiological responses under fully-irrigated conditions. Crop evapotranspiration
(ETc) and its components (crop transpiration, Tc and soil evaporation, Es) were monitored as well
as the irrigation water and nitrogen productivities. To estimate ETc, a simplified two-source energy
balance (STSEB) approach was used. Although a lower irrigation water amount was applied in SDI
compared to DI (differences between 10% and 13.8%), the almond crop growth and physiological
responses as well as the yield components and kernel yield showed no significant differences. The
ETc estimates resulted in small differences for spring and fall periods (0.1–0.2 mm day−1) for both
treatments, while differences were significant during higher ETo periods (May–August), being
1.0–1.3 mm day−1 higher for the DI treatment than for the SDI treatment. The irrigation water
productivity (IWP) was significantly higher in the SDI treatment than in the DI treatment. However,
no significant differences between the two treatments were observed for nitrogen productivity. It
can be concluded that the SDI system is a suitable strategy for irrigating almond crops, reducing
consumptive water use and increasing IWP.

Keywords: plant-water status; crop evapotranspiration; simplified two-source energy balance;
irrigation water productivity; nitrogen productivity

1. Introduction

The sustainable development goals defined by the United Nations in 2015 focus,
through several aspects, on significantly increasing the water use efficiency in all sectors by
2030, ensuring the sustainability of withdrawals and freshwater supply in water-scarce ar-
eas [1]. This is directly related to irrigated agriculture, as it is the primary water-consuming
sector, accounting for about 70% of the total. In addition, the expansion of crops with high
water requirements such as almond trees, which have undergone a significant increase
in almond growing area over the last decade (between 35 and 56% [2]), may be limited
in areas with scarce water resources, and it is thus mandatory to establish practices that
improve water use efficiency. Moreover, climate change predictions for the Mediterranean
basin forecast an increase in evaporative demand and increasingly erratic and extreme
rainfall events, driving an eventual reduction in water availability [3]. Therefore, techni-
cians and researchers in agricultural irrigation are encouraged to develop technologies and
management tools for more sustainable water use, thus saving water and improving the
water use efficiency whenever possible.
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Several reports and research papers have conducted in-depth studies and reviews
on improving the water productivity and water use efficiency using different methods,
technologies, and strategies to minimize non-consumptive water use (runoff and deep
percolation) as well as non-beneficial water consumption (soil evaporation, Es (Appendix A)
or weed consumption) by crops [4–6]. In this sense, transferring operative tools and
practices that make orchard irrigation management easier and more accurate for almond
growers and technicians is a key issue in optimizing the irrigation water resources. Thus,
a proper separation between Es and crop transpiration (Tc, Appendix A) is required in
these kinds of discontinuous canopies [7] to generate net water savings. In addition,
deficit irrigation may be a useful technique in almond crop, as this has shown an excellent
adaptability to different situations of water availability [8–10]. Nevertheless, many works
carried out in almond orchards have demonstrated that irrigation can be considered the
main limiting factor in terms of yield and nut quality [11].

Strategies to reduce soil evaporation are also a challenge for addressing and mitigating
water scarcity, and consequently, for improving crop-water use efficiency. Some practices
focused on minimizing Es include proper crop management (such as increasing plant
density and canopy size) using soil mulching (both organic and plastic materials) and
suitable soil management (no-till), or by applying irrigation water from the subsurface
drip irrigation system [4]. Thus, the main methodologies to address this challenge range
from a simple soil water balance (SWB, Appendix A), typically using the “two step” ap-
proach [12,13], to surface energy balance (SEB, Appendix A) approaches using both ground
(such as Eddy-covariance, EC, and Bowen ratio, BR, systems) and remote sensing tech-
niques (based on either optical or thermal multispectral imagery; [14–18]). With respect to
the SEB approaches, two-source energy balance (TSEB) models, together with ground mea-
surements of soil and canopy temperatures, biophysical information, and meteorological
data, have provided good results in field crops [19–23], vineyards [17,24–27] and almond
crop [28]. Using a simplified version of the two-source approach (STSEB, Appendix A),
Sánchez et al. [17] reported that Es reached 35–40% of the total crop evapotranspiration
(ETc, Appendix A) in a mature vineyard, while in a young almond orchard under a drip
irrigation system, Sánchez et al. [28] found that this ratio fell to 26% of the total ETc using
the same technique.

The two last decades have witnessed renewed interest in using the subsurface drip
irrigation (SDI, Appendix A) system for irrigated agricultural systems, since it is an op-
erative tool that allows, among other advantages, to directly and efficiently apply water
and nutrients within the crop root zone [29]. Thus, SDI, versus surface drip irrigation
(DI, Appendix A), allows consumptive irrigation water use to be optimized, since the
irrigation-water evaporation and runoff losses are minimized if this system is properly
designed, installed, and managed [30,31]. In a recent review on the adoption of SDI systems
in the USA, Lamm et al. [29] reported that, in general, SDI allowed the net crop water
requirements to be met, with water savings between 15–60% compared to other irrigation
systems (DI, sprinkler, and furrow irrigation), where crop yield levels (either field and
horticultural crops) were maintained or improved in several studies. Therefore, water
productivity in terms of the use of irrigation water (IWP, Appendix A) as well as the use of
fertilizers was significantly increased [29]. In the case of fruit trees and vineyards, very few
studies have compared SDI and DI. Ayars et al. [32] found that pomegranate yield and IWP
were increased and there was less weed pressure for SDI vs. DI. Ma et al. [33] showed that
Direct Root Zone irrigation (DRZ, Appendix A), which is a modification of SDI, increased
wine grape yield and WP by 9–12%, compared to DI. Meanwhile, Romero et al. [34] com-
bined the use of SDI and certain regulated deficit irrigation (RDI, Appendix A) techniques
in a mature almond orchard. These authors obtained higher water application efficiency
with SDI, although RDI caused significant reductions in kernel yield compared to the
reference treatment.

Given this context, the aim of the present study was to analyze whether it is possi-
ble to save water without yield losses in young almond trees by using subsurface drip



Agronomy 2022, 12, 1778 3 of 23

irrigation compared to the traditional surface drip irrigation system, in order to improve
the sustainability of irrigated almond orchards in water-scarce areas. For this purpose,
the following objectives were established under no soil water limitations: (a) to study
almond crop growth and physiological responses to SDI and DI systems; (b) to quantify
and compare the ETc and its components between irrigation systems using two-source
energy balance modeling; and (c) to analyze the effects of both irrigation systems on the
irrigation water and nitrogen productivity (IWP and NP, respectively, Appendix A) and
crop-water use efficiency (WUEc, Appendix A).

2. Materials and Methods
2.1. Site Description

A field experiment was carried out over three growing seasons (2019–2021) in a com-
mercial 12.5-ha young almond orchard located in the southeast of Albacete province, Spain
(38◦29′3′′ N, 1◦47′9′′ W, 550 m a.s.l.; Figure 1). The soil, classified as Aridisol [35], is of
a fine-loam texture to a depth of 1.2 m and with a petrocalcic horizon below this. It has
low organic matter (~1%) and grave content (<2%), is slightly saline (~0.40 dS m−1), and
has a high total carbonate content (36–38%) and nitrate concentration of 1.84 ppm. The
soil hydraulic characteristics were estimated using the soil water characteristics program
(v. 6.02.74; [36]), where the soil analysis data belonging to two differentiated soil horizons
were used (till and no-till depths; Table 1). The irrigation water used during the experi-
mental period was classified as good quality for irrigation (Scott’s index), with an average
electrical conductivity of 1.10 dS m−1 and a nitrogen concentration of around 13 ppm.

Figure 1. (a) The location of the commercial almond orchard; (b) experimental layout on the almond
orchard (green squares: surface drip irrigation system, DI; purple squares: subsurface drip irrigation
system, SDI); (c) fixed mast with a set of thermal InfraRed thermometers in an elementary plot of the
DI treatment; (d) fixed mast with a set of thermal InfraRed thermometers and meteorological sensors
in an elementary plot of the SDI treatment.
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Table 1. The hydraulic characteristics of the soil experimental plot.

Soil Depth (m) FC (%) PWP (%) Saturation (%) Sat. Hydr. Conduct. (mm h−1) Bulk Density (t m−3)

0.00–0.30 24.6 12.9 42.8 13.9 1.52

0.30–1.20 26.3 14.1 43.7 15.9 1.49

FC—field capacity; PWP—permanent wilting point; Sat. Hydr. Conduct.—saturated hydraulic conductivity.

The study area has a Mediterranean semi-arid climate with a low annual rainfall
(319.6 mm), mainly concentrated in spring and fall; and a large yearly cumulative grass
reference evapotranspiration (ETo, Appendix A, of around 1259 mm), calculated using the
FAO56 Penman-Monteith (FAO56-PM) equation [12]. Previous studies in the experimental
site based on lysimeter observations reported this method performed well [37]. Meteoro-
logical data during the 3-year experiment were continuously measured on site, starting
April 2019. All instruments were set up at a height between 2.5 and 4.0 m above the ground
surface, and weather data were registered at 15 min, hourly, and daily time steps. The
variables measured were as follows: incoming and surface-reflected short-wave radiation
(model CM14, Kipp & Zonen, Delft, The Netherlands), incoming and outgoing long-wave
radiation (model CG2, Kipp & Zonen, Delft, The Netherlands), air temperature/relative
humidity (HC2A-S3, Campbell Scientific Instrument, Logan, UT, USA), wind speed and
direction (03002 Wind Sentry, R.M. Young, Traverse City, MI, USA), and rainfall (52203 Rain
Gauge, R.M. Young, Traverse City, MI, USA). All meteorological data were recorded with a
CR1000 datalogger (Campbell Scientific Instrument, Logan, UT, USA). In addition, ETo data
were recorded during the three seasons from the “Ontur” meteorological station, which
is the nearest station belonging to the Spanish network of the agroclimatic information
system for irrigation [38].

2.2. Orchard Description and Management

The study was conducted in young almond trees (Prunus dulcis (Mill.) D.A. Webb)
planted in March 2018 with cv. ‘Penta’ grafted onto the GF-677 rootstock. The tree spacing
was 6.0 m (inter-row) and 5.0 m (within row), resulting in a tree density of 333 plants ha−1.
A vase-training system was used to configure the canopy architecture where several green-
pruning tasks were carried out across the three seasons to encourage fruiting.

Using fertigation, the almond orchard was fertilized at a rate of 56-16-30 kg ha−1 of
N-P-K, 56-32-68 kg ha−1 of N-P-K and 132-75-116 kg ha−1 of N-P-K in each experimental
season (2019, 2020, and 2021, respectively). The first 0.10 m of the soil depth was tilled
to control the weeds, and pest and disease effects were managed according to cultural
practices typically implemented in the region to establish potential crop performance. In
the first year of the study, there was no production as the trees were only 1 year old. In
the second and third experimental seasons, the almond crop was harvested once 100%
of the fruits had shown hull split and were partially dried (i.e., 1 September 2020 and
27 August 2021).

Two treatments were designed to supply 100% of the irrigation-water requirements
throughout the almond growing season using two drip-irrigation systems. The treatments
assessed were DI (surface drip irrigation system) and SDI (subsurface drip irrigation
system). The experimental design was a complete block randomized layout of the two
treatments already set up with four replicates (eight elementary plots; Figure 1b). Each
elementary plot consisted of five rows with six trees each resulting in 900 m2 (total of
30 almond-trees).

The almond orchard was irrigated from two parallel drip lines per tree row, each one
separated 0.80 m from the almond-tree. The flow of the self-compensating emitters was
4.0 L h−1 (AmnonDrip PC, CNL & PC AS, NaanDanJain Company, Naan, Israel). These
were placed 0.75 m apart, and, thus, both systems were designed to apply 1.78 mm h−1.
The buried drip lines (SDI) were installed to 0.35 m depth by the farmer. A flow meter
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at the head of each treatment allowed for the irrigation water depth applied during the
irrigation season to be controlled.

2.3. Almond Tree Development, Physiological Measurements, and Soil Water Content Evolution

Two trees located in the central row of each elementary plot were used for monitoring
the crop growth, physiological and development variables, and soil water content evolution.
However, six trees of each elementary plot were sampled at harvest time.

The aboveground almond tree variables measured in each elementary plot during
the study period were: (a) the almond phenological stage, following the scale designed by
Thomas [39]; (b) the canopy architecture evolution, measuring the horizontal diameters of
the canopy and tree height with a measuring tape; (c) the fraction of ground covered by the
canopy (fc, Appendix A); and (d) measurements of the plant water status.

The main phenological stages identified were: (I) from swollen bud to fruit set; (II)
from fruit set to early pit hardening; (III) from early pit hardening to hull split (harvest);
and (IV) from harvest to 50% of leaves fall. During the three experimental years, phenology
data were collected every 10–15 days starting by late-February until mid-December.

To determine fc over the study period, two methodologies were used. During the
first season, a 12-Mp digital camera, mounted on a hand-held aluminum pole, was used
to capture nadir views 3.0 m above the ground surface. Two trees per elementary plot,
together with a white reference of known surface area, were photographed. Using the
CANOPEO software [40], a green canopy cover was computed (Figure 2a), and the reference
surface area was used to extrapolate this value to the planting frame (30 m2 per plant). In
2019, eight sampling days were implemented, which coincided with the sampling of both
horizontal diameters and the height of the tree.

Figure 2. (a) An example for the classification of the fraction of ground covered by the canopy using
CANOPEO software; (b) A schematic representation of the almond tree spacing and positions where
PAR measurements were taken by SunScanTM.

Another indicator used to evaluate the fc was the fraction of intercepted photosynthetic
active radiation (fIPAR, Appendix A), which was measured during the two last growing
seasons. The photosynthetically active radiation (PAR, Appendix A) data were collected
in one central tree in each experimental plot close to midday. Measurements were taken
using a SunScanTM canopy analysis system (Delta-T Devices Ltd., Cambridge, UK). FIPAR
was calculated as an average ratio from the PAR data below and above the tree canopy,
following a methodology similar to that described by Auzmendi et al. [41]. Thus, a fixed
mesh of 66 reading points, which covered the planting frame of a tree, was established
(Figure 2b). For below-canopy data, readings were taken by placing the ceptometer (probe
length 1.0 m) in a horizontal position at ground level, and perpendicularly to the row
(Figure 2b). The above-canopy readings were also 66, which were taken with the sunlight



Agronomy 2022, 12, 1778 6 of 23

sensor. In both experimental years, the trees were sampled and data collected eight times,
also coinciding with the sampling of the canopy architecture. The fIPAR measurements
were converted to fc considering the mean angle of the sun above the horizon during the
measuring period (i.e., date of year and mean hour of readings in each sampled tree) [42,43].

The tree water status was determined from the midday steam water potential (Ψs,
Appendix A). A Scholander pressure chamber (PMS Instruments; Corvallis, OR, USA),
calibrated at the onset of each measuring season, was used for Ψs determination. Following
the general recommendations of Fulton et al. [44], two shaded leaves from each elementary
plot (one per tree) and close to the trunk base, were sampled. One hour before measuring,
the leaves were covered with aluminum foil. This was undertaken 10, 12, and 9 times in
2019, 2020, and 2021, respectively, with most of the measurements coinciding with the
former variables.

A set of four FDR sensors (10HS, Decagon Devices, Pullman, WA, USA) were installed
in two elementary plots per treatment, and close to the drip line, with intervals of 0.15 m in
depth, up to 0.60 m, to monitor the volumetric soil water content at depth, which was largely
influenced by the irrigation events. These data were used to learn the humectation and
desiccation behavior pattern where the highest density of rooting-soil is usually located [34].
The FDR sensors monitored the soil moisture from the onset of the almond growth season
(March 2019) up to fall 2021. The mean hourly data were recorded in a datalogger (EM50,
Decagon Devices, Pullman, WA, USA).

2.4. Kernel Yield Determinations and Almond Crop Productivities

During the first year of the study, only tree development was monitored, as the
almond trees were 1 year old, and thus still unproductive. In the last two experimental
years, almond harvest took place at the hull split stage and the start of drying (i.e., between
the end of August and start of September). The six central trees in every elementary plot
were harvested with an inverter-umbrella type fruit-collecting machine. The total in-shell
fruit fresh weight was measured and divided by the six trees to obtain the total weight per
tree (Fu, Appendix A). In addition, a randomized sample of around 2.0 kg was taken in
the field to identify both the water content of the fresh fruit (HFf, Appendix A) and the
kernel fraction (ratio kernel fresh weight vs. in-shell fruit fresh weight, Rk, Appendix A). A
subsample of 1.0 kg was oven-dried at 65 ◦C until constant to determine the water content,
allowing for a comparison against the standard commercial kernel yield (7% of water
content; HFf). Rk was computed from a subsample of 0.3 kg, where the kernel unit weight
(Wk, Appendix A; g) was measured. Thus, the former yield components were affected
by the tree density (Td, Appendix A) when calculating the commercial kernel yield (Yk,
Appendix A; kg ha−1), which was calculated as:

Yk = Fu ×HFf × Rk × Td (1)

The irrigation water productivity (IWP; kg m−3), crop water use efficiency in terms of
crop evapotranspiration (WUEc; mm mm−1), and nitrogen productivity (NP; kg kg−1 N)
were calculated for both treatments. IWP was computed as the ratio between the standard
commercial kernel yield and the irrigation water supplied to each crop season. However,
the WUEc was computed as the ratio between the crop evapotranspiration (ETc) estimated
from the STSEB model for the available period in each experimental year and treatment,
and the total water received by the crop (i.e., irrigation + precipitation) [45]. Additionally,
NP was also calculated for each treatment as the ratio between the commercial kernel yield
and the units of nitrogen available for the crop (soil and water NO3− N + fertilizer N) [46].

2.5. Irrigation Management

A daily irrigation schedule was computed according to the FAO56 methodology, where
a simplified water balance for the root zone of the crop [12,13] was used to compute the soil
water depletion (Dr,i, Appendix A). The irrigation depth (I, Appendix A) was calculated
considering the soil hydraulic properties (Table 1) of the root zone (up to 1.2 m) in order to
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maintain the soil water depletion between the field capacity and readily available water
(RAW, Appendix A; [12]), allowing 100% of the almond crop water requirements to be
met. Following the runoff curve number approach [47], the effective precipitation (Pe,
Appendix A) was calculated from the daily precipitation. Deep percolation was calculated
as the difference between the inputs (Pe + I) and outputs (ETc + Dr,i−1) in the root zone.
Capillary rise was not considered in the water balance because the groundwater table was
much deeper than the root zone.

ETc was computed by adding the soil evaporation and the crop transpiration (both
performed by a soil water balance to the top soil layer, Ze = 0.10 m, and to the effective
depth of the root zone layer, Zr = 1.20 m, respectively). Since the surface drip irrigation
system only partially wetted the soil, and the main root density is usually located in a
depth closed to the wetted bulb formed by the drip line (between 0.00 and 0.40 m depth
for DI, and between 0.40 and 0.80 m depth for SDI; [34]), the first two extensions proposed
by Allen et al. [48] were adopted to increase the accuracy of the total evaporation and
drying process.

The average fraction of the soil wetted by surface drip irrigation was 0.12 (considering
a width wetting bulb for every drip line of 0.40 m) and 0.01 for subsurface drip irrigation,
while the fraction of the soil surface wetted by precipitation was 1.00. The readily evap-
orable water (REW, Appendix A) and the total evaporable water (TEW, Appendix A) were
8.0 and 18.1 mm, respectively. In addition, the amount of transpiration extracted from the
surface layer was also considered in the soil water balance, following the methodology
proposed by Allen et al. [48]. The standard basal crop coefficient (Kcb, Appendix A) values
used were: Kcb ini: 0.15 during the initial crop stage (stage I); Kcb mid: 0.85 during the
mid-season stage (stage III); Kcb end: 0.35 for 50% of leaves fall. Finally, a density coefficient
(Kd, Appendix A) was taken into account in the daily ETc calculation, affecting the crop
transpiration. Kd was computed using the equations described by Fereres et al. [49] for
fruit orchards, where the shaded area was obtained from the fc evolution of the almond
trees over the three experimental years.

2.6. Ground Radiometric Thermal Measurements. STSEB Model

Two-source energy balance modeling of crop evapotranspiration (ETc), its soil evapora-
tion (Es) and canopy transpiration (Tc) contributions was conceived of as a conversion from
the total latent heat flux, LE, and its soil and canopy components LEs and LEc, respectively,
divided by the latent heat of the vaporization of water, λ (Appendix A; J kg−1). The latent
heat flux is a turbulent flux that can be estimated as a residual from the surface energy
balance equation once the net radiation (Rn, Appendix A) and soil (G, Appendix A) and
sensible heat (H, Appendix A) fluxes are calculated. For details on the equation framework
and all of the required inputs and parameters, the reader is referred to Sánchez et al. [28].
In this work, ground measurements of canopy height and fractional cover, described
in Section 2.3, were used to model these inputs into the STSEB framework, through a
third-order polynomial adjustment.

Two sets of 3–4 thermal InfraRed thermometers (IRT, Appendix A) each (SI-121 and
SI-421, Apogee Instruments, Inc., Logan, UT, USA) were deployed in two masts for the
continuous thermal monitoring of the almond tree canopy and soil, covering both the DI
and SDI irrigation treatments (Figure 1c,d). Three of the IRTs were assembled pointing
downward with an angle of 45◦, two of them to the canopy top at both the east and
west side trees, and a third to the inter-row soil. The mast deployed in the DI treatment
was provided with an additional IRT pointing to the exposed fraction of the soil wetted
by surface drip irrigation for an accurate characterization of the soil temperature in this
treatment. The full set of thermal measurements was completed with an additional IRT
pointing upward to measure the downwelling sky radiance required for the atmospheric
correction of all the soil and canopy temperatures. The experimental setup (location and
assembling height) was designed to guarantee a representative monitoring of each target,
accounting for the 18◦ field of view of the IRTs. Continuous 15-min IRT measurements were
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collected to capture the surface energy fluxes, and then improved the daily and cumulative
estimates of ETc.

All of the measurements were corrected for atmospheric and emissivity effects fol-
lowing the methodology described in Sánchez et al. [50]. The emissivity values of the soil
and tree canopy were measured through the temperature-emissivity separation method
(TES) using a CIMEL CE-312-2 multispectral thermal radiometer (Cimel Electronique,
Paris, France).

2.7. Statistical Analysis

An analysis of variance (ANOVA, Appendix A) was used to evaluate the effect of treat-
ments on the commercial kernel yield and yield components, irrigation water productivity,
and nitrogen productivity, taking into account the irrigation system treatment. The signif-
icance levels used were: p ≥ 0.05 not significant; 0.01 ≤ p < 0.05 significant, and p < 0.01
very significant. The Duncan test was used to estimate whether the differences between
the mean treatments were significant. Finally, the polynomial adjustment curves referring
to fc and tree height evolution as well as the statistical analysis previously described were
carried out with R software [51].

3. Results
3.1. Meteorological Conditions

Compared with the long-term mean climate data in the area, most of the meteorological
data from the three experimental years were similar to those typically recorded for all of
the variables shown in Table 2. However, the rainfall was especially heavy during the three
growing seasons, being around 28, 68, and 32% higher in 2019, 2020, and 2021, respectively,
compared to the long-term annual rainfall in the area (close to 320 mm). As an average, the
rainfall ranged 20–30 mm more per month during the spring and autumn periods over the
three experimental seasons with respect to the typical mean rainfall in the area.

Table 2. A summary of the monthly meteorological means or sums recorded over the three experi-
mental seasons.

Year Month Ta (◦C) Hr (%) u2 (m s−1) Rn (MJ m−2 d−1) R (mm) ETo (mm d−1) *

20
19

Jan * 7.0 59.1 2.8 3.5 3.0 1.9
Feb * 8.7 59.1 2.0 6.0 3.6 2.3
Mar * 11.1 51.8 1.8 7.8 15.0 3.1
Apr 12.8 65.8 2.2 7.9 136.0 3.1
May 17.9 57.4 1.7 11.1 23.0 4.9

Jn 22.1 47.6 1.6 11.7 0.7 6.0
Jl 25.8 47.1 1.5 11.2 0.0 6.1

Aug 25.3 56.4 1.2 10.4 14.5 5.3
Sep 21.1 71.2 1.1 7.4 114.7 3.4
Oct 16.8 69.9 0.9 5.3 39.0 2.6
Nov 11.7 64.1 2.3 2.2 24.7 1.8
Dec 9.9 79.3 1.0 1.5 34.3 1.3

20
20

Jan 6.8 77.4 1.8 2.9 69.4 1.2
Feb 11.0 70.5 1.7 5.7 0.2 2.1
Mar 10.7 70.8 2.2 5.6 143.8 2.4
Apr 12.5 75.8 1.3 8.5 62.6 2.9
May 17.9 63.4 1.3 12.4 53.0 4.5

Jn 22.3 52.6 1.2 14.2 4.3 5.6
Jl 25.1 57.0 1.1 14.6 3.8 5.8

Aug 25.4 50.8 1.0 12.6 0.0 5.5
Sep 20.2 65.2 1.0 9.2 45.2 3.7
Oct 14.9 65.0 1.0 5.9 16.0 2.6
Nov 15.0 64.7 0.3 5.5 120.0 1.3
Dec 7.7 70.9 2.4 3.0 17.6 1.3



Agronomy 2022, 12, 1778 9 of 23

Table 2. Cont.

Year Month Ta (◦C) Hr (%) u2 (m s−1) Rn (MJ m−2 d−1) R (mm) ETo (mm d−1) *

20
21

Jan 6.2 70.3 2.5 3.1 63.3 1.4
Feb 9.9 76.4 0.8 4.3 5.4 1.9
Mar 10.7 70.1 1.0 7.4 25.6 2.5
Apr 12.9 78.2 0.9 9.7 42.0 2.7
May 18.0 63.2 1.0 14.8 43.8 4.6

Jn 21.1 66.2 0.9 16.2 23.3 5.1
Jl 24.5 57.4 0.9 17.5 35.0 6.1

Aug 24.9 62.3 0.8 13.3 6.6 5.0
Sep 21.3 72.8 0.7 10.7 119.6 3.5
Oct 16.9 74.5 0.8 6.7 25.4 2.0
Nov 10.7 63.9 1.6 3.3 26.9 1.5

Ta: mean daily air temperature; Hr: mean daily relative humidity; u2: mean daily wind speed measured at 2 m; Rn:
mean daily net radiation; R: monthly total rainfall; ETo: mean daily grass reference evapotranspiration calculated
using the FAO56-PM equation; * Data recorded from “Ontur” weather station [38].

3.2. Plant Determination and Soil Water Content Evolution

Overall, both SDI and DI treatments showed a similar crop development, reaching
the main crop phenological stages at the same time across the three seasons (Table 3). The
duration of the almond crop seasons was 276, 300, and 256 days in 2019, 2020, and 2021,
respectively. During the three experimental seasons, almond crop growth was homogenous
for the crown diameter (Dc, Appendix A), tree height (Ht, Appendix A), and fc variables,
showing no significant differences between the two treatments (Figure 3). In 2019, the Dc
and Ht grow patterns were linear with time, showing an increase of around 1.20 and 1.15 m,
respectively (Figure 3a,b). However, the crop growth pattern on Dc and Ht followed a third-
order polynomial model during 2020 and 2021 (Figure 3a,b), with a certain stabilization at
the end of July (linear and polynomial models not adjusted to Dc data). Thus, the linear
growing phase showed an increase of over 1.09 and 0.73 m for Dc and Ht, respectively,
in 2020 (values ranging between 2.30–3.38 m for Dc and 2.54–3.26 m for Ht; Figure 3a,b),
while the former crop grow rate was about 37% less in 2021 for both variables.

Table 3. The phenological stages of the almond orchard crop over the three growing seasons.

Description of
Phenological Stage

BBCH Identification
Codes

Phenological Period

Growing Season
Date

2019 2020 2021

Swollen bud 51 19-feb 30-ene 02-feb
Full bloom 65 I 18-mar 09-mar 15-mar

Fruit set 71
II

26-mar 20-mar 30-mar
Fruit final size/early pit

hardening 79 07-may 30-abr 29-abr

Early hull split 85 III 09-ago 10-ago 05-ago
Fruit ripe (harvest) 89

IV
01-sep 28-ago 27-ago

50% of leaves fallen 95 21-nov 25-nov 15-oct

I: from swollen bud to onset of fruit set; II: from onset of fruit set to onset of fruit final size; III: from onset of fruit
final size to fruit ripe (harvest crop); IV: from harvest to 50% of leaves fallen.
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Figure 3. Evolution of the crown diameter (a), tree height (b), and fraction of ground covered by the
canopy (fc; c), for the three growing seasons in both treatments (DI: surface drip irrigation; SDI: sub-
surface drip irrigation). Vertical error bars represent the standard deviation of the ground sampling
for each date and treatment. Continuous and dashed lines superposed to Figure 3b,c correspond to
tree height and fc modeling for the DI and SDI treatments, respectively.

A similar behavior was observed for the fc variable (i.e., an increase from the onset
of each growing season up to end of July or beginning of August), and a descent from
then on (Figure 3b). The maximum average fc values reached 0.19, 0.26, and 0.39 in 2019,
2020, and 2021, respectively, identifying the fc decline phase after that. Minimum values
of the measured fc were around 0.09 in 2019 and 0.20 in 2021 (Figure 3c), with these data
being sampled at a date close to the end of the crop cycle (50% of the leaves fallen; Table 3).
Although no ground measurements of fc were carried out at the end of the growing season
in 2020 (Figure 3c), the modeled fc showed a similar tendency in both treatments, modeling
a minimum value of around 0.10 at the end of the second experimental season, which was
close to the fc modeled at the onset of the 2021 season (Figure 3c).

Following the standard practice in the area, irrigation water and fertilizers were
applied with almost daily frequency over the three growing seasons (daily irrigation
water depth ranged between 1.8 and 6.2 mm), according to the methodology described
in Section 2.5. In 2019, the amount of irrigation water applied on the DI treatment was
2581 m3 ha−1, with 10.0% less applied in the SDI treatment (Table 4). However, the former
irrigation amount was duplicated during 2020 (Table 4), applying around 13.9% more
irrigation water in the DI than in the SDI treatment. A similar difference (13.7%) between
the DI and SDI treatments was determined in the last growing season (2021), increasing the
irrigation amount by around 38% with respect to that applied in both treatments during
the 2020 season (Table 4). This increase in water applied over the course of the study was
mainly due to an increase in tree canopies (i.e., maximum fc changed from 0.19 in 2019 to
0.39 in 2021).
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Table 4. The water applied, yield components, and commercial kernel yield, irrigation water produc-
tivity, water use efficiency, and nitrogen productivity for the three years of study.

Season Treat. IW
(m3 ha−1) Wk (g) Rk (%) Yk

(kg ha−1) IWP (kg m−3) R 1

(m3 ha−1)
Iw1

(m3 ha−1) WUEc
1 NP (kg kg−1)

2019
DI 2581 - - - -

3557
2332 0.44 -

SDI 2324 - - - - 2076 0.42 -

2020

DI 5188 0.97 29.5 479.8 0.09
658

4089 0.70 5.34
SDI 4468 0.95 28.7 411.8 0.09 3531 0.74 4.36
SEM - 0.01 0.3 33.4 0.01 - - - 0.23
p-value - ns ns ns ns - - - ns

2021

DI 7158 0.84 31.4 2206.4 0.31 a #
3530

7060 0.57 13.43
SDI 6174 0.80 31.1 2163.0 0.35 b 6083 0.48 14.00
SEM - 0.01 0.4 59.4 0.01 - - - 0.37
p-value - ns ns ns * - - - ns

Treat.: treatment; IW: total irrigation water applied; Wk: kernel unit weight; Rk: ratio kernel fresh weight vs.
in-shell fruit fresh weight; Yk: commercial kernel yield; IWP: water productivity in terms of irrigation water
applied; R: total rainfall for the monitored period; Iw: irrigation amount for the monitored period; WUEc: water
use efficiency in terms of crop evapotranspiration; NP: nitrogen productivity in terms of kernel yield; 1: data
obtained for the monitored period running STSEB model; DI: surface drip irrigation; SDI: sub-surface drip
irrigation; SEM: standard error of the mean; #: means within a column by different letters are significantly different
according to Duncan’s test; p-value: *: 0.01 < α < 0.05; ns: not significant.

The irrigation scheduling applied during each growing season, in conjunction with the
rainfall events that occurred, allowed for the crop water status to be maintained between
−0.5 MPa and −1.1 MPa during the crop growth stage (measurements of midday steam
water potential, Ψs, from April to the onset of August; Figure 4). However, Ψs was much
lower (around −1.5 MPa) during the period close to harvest time in the 2020 and 2021
experimental seasons, being a common farming practice to reduce irrigation during that
period in order to minimize the risk of bark splitting. After harvesting, the crop water
status of both treatments recovered toward Ψs higher than −1.0 MPa (Figure 4). Overall,
Ψs showed no significant differences between the two treatments.

Figure 4. Evolution of the midday steam water potential (Ψs; MPa) for the three growing seasons.
Vertical lines show the period between early hull split and harvest. Horizontal dashed line shows
the threshold of tree water stress [44]. Vertical error bars represent the standard deviation of the
measurements for each date and treatment.

The daily volumetric soil water content measured in both treatments showed a similar
evolution over each growing season, with both curves moving between field capacity (FC,
Appendix A) and permanent wilting point (PWP, Appendix A) (Figure 5). Although both
curves showed the same trend, the SDI curve was 3.1% lower than that of the DI, as an
average, being stressed in the 2021 season (around 4.2% difference; Figure 5). Some heavy
rainfall events (between 35 and 70 mm of precipitation) that occurred during spring and
autumn of the three seasons contributed to increasing the soil water content toward values
close to FC or higher. However, during the end of spring and up to the fruit ripening stage,
irrigation events were the main water contribution to the crop since rainfall events were
scarce. The minimum soil moisture values of both treatments were measured at days close
to harvest time, except for the first experimental season, when the almond crop was not
harvested. These values ranged between 0.17 and 0.20 m3 m−3.
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Figure 5. The daily soil water content evolution for the three growing seasons in both treatments
(DI: surface drip irrigation; SDI: sub-surface drip irrigation). Vertical lines show the period between
early hull split and harvest. Continuous and dashed horizontal lines are the field capacity (FC) and
permanent wilting point (PWP), respectively. The irrigation and precipitation depths are also plotted.

3.3. Almond ETc Estimations Using the STSEB Model

The daily ETc values and Tc/Es partition obtained by the STSEB model, together with
the available thermal infrared data, were constrained to 251 days in 2019 (from 4 April
to 12 December), reduced to 152 days in 2020 (from 5 June to 3 November) due to the
pandemic situation, and to 286 days in 2021 (from 18 February to 30 November). These
monitored periods were not sufficient to derive the seasonal ETc values, except for the last
growing season, which did cover almost the full phenological development of the almond
trees (Table 3).

The evolution of the daily ETc and Tc values showed a rising trend during both each
growing season and between the three experimental seasons (Figure 6), mainly due to the
development of the tree canopies, thanks to favorable spring–summer temperatures and
the older age of the trees. The maximum mean daily ETc values were reached from June
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to August (coinciding with the highest evaporative demand and the kernel-filling stage;
Figure 6; Table 3) ranging between 1.3 and 1.4 mm day−1 in 2019, 2.6–2.9 mm day−1 in 2020
and between 3.2 and 4.5 mm day−1 in 2021 (Figure 6). The mean ETc values ranged from
0.5 mm day−1 (onset and fall of crop growth cycle) to 2.2 mm day−1 (crop development
and post-harvest period) during the rest of the monitored period (Figure 6).

Figure 6. The daily evolution of the crop evapotranspiration (ETc; captions on the left) and crop tran-
spiration (Tc; captions on the right) for the three growing seasons in both treatments (DI: surface drip
irrigation; SDI: sub-surface drip irrigation). The crop reference evapotranspiration (ETo), irrigation
and precipitation are also plotted.

In terms of Tc, the maximum values were also obtained during the highest ETo period
(May–August; Figure 6). The maximum mean daily Tc values were 15–20% lower in 2019
and 2020, and up to 35% lower in 2021 than the ETc values for the DI treatment, while these
differences were 7% (2019), 12% (2020), and 19% (2021) lower for Tc than ETc in the SDI
treatment. Overall, the accumulated ETc was relatively close between treatments for the
2019 and 2020 seasons (differences of 25.9 mm and 27.9 mm, respectively; Figure 7) and
a large difference in ETc accumulated was estimated in 2021 (138.5 mm; Figure 7). With
respect to soil evaporation (Es), the STSEB model was able to differentiate this component
between the two irrigation systems, estimating 5.6 mm, 27.9 mm, and 45.2 mm less Es in
the SDI treatment than in the DI treatment during the monitored periods of 2019, 2020, and
2021, respectively (Figure 7).
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Figure 7. The seasonal evolution of accumulated ETc and Es estimations using the STSEB approach
for the three growing seasons in both treatments (DI: surface drip irrigation; SDI: sub-surface drip
irrigation). ETo and irrigation plus precipitation (I + R) are also represented.

3.4. Plant–Water Relations

The field dataset gathered allowed us to derive some plant–water relations for both
treatments. Thus, the measured daily soil water content and the estimated daily crop
transpiration were related to the daily data of crop water status (Ψs; Figure 8). Ψs values
and their evolution (Figure 4) for the three growing seasons were in line with the measured
soil moisture data (Figure 5), where the soil moisture dropping off between 0.18 and
0.20 m3 m−3 caused the highest crop water deficit (Ψs < −1.15 MPa; Figure 8a). A clear
correlation was found between soil moisture and Ψs, obtaining coefficients of determination
of 0.60 and 0.52 for the DI and SDI treatments, respectively (Figure 8a). A similar trend
was identified between Tc and Ψs during the kernel-filling period (from June to August)
of the two last growing seasons (Figure 8b), where Tc was shortened around 45% in 2020
and between 21% (for DI treatment) and 31% (for SDI treatment) in 2021 when Ψs declined
from −1.1 MPa to −1.5 MPa. No evidence was reported for 2019 (Figure 8b).
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Figure 8. The relationship between (a) the daily soil water content and the midday steam water 
potential and (b) the daily crop transpiration and the midday steam water potential during the three 
growing seasons in both treatments (DI: surface drip irrigation; SDI: sub-surface drip irrigation). 
Vertical error bars represent the standard deviation of the mean values of eight determinations. 
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Figure 8. The relationship between (a) the daily soil water content and the midday steam water
potential and (b) the daily crop transpiration and the midday steam water potential during the three
growing seasons in both treatments (DI: surface drip irrigation; SDI: sub-surface drip irrigation).
Vertical error bars represent the standard deviation of the mean values of eight determinations.

3.5. Almond Yield Response to Irrigation Systems, Water, and Nitrogen Productivities and Water
Use Efficiency

The almond crop harvest was obtained for the second and third experimental year.
In both growing seasons, neither yield components (Wk and Rk) nor kernel yield showed
significant differences between the irrigation systems (Table 4). Standard commercial kernel
yields (Yk, 7% moisture content) obtained in 2020 and 2021 were around 446 kg ha−1 and
2185 kg ha−1, respectively (Table 4). The kernel unit weight (Wk) was, as average data,
0.94 g for 2020 and 0.82 g for 2021, while the kernel fraction (Rk) was 29.1 and 31.3% in 2020
and 2021, respectively. The calculated irrigation water productivity (IWP) was 0.09 kg m−3

as the average value for both treatments in 2020 (Table 4). This value was multiplied by
almost 5 in both treatments for 2021, when the SDI treatment showed a significantly higher
value (0.35 kg m−3) than the DI treatment (0.31 kg m−3; Table 4).

Constraining the analysis to the period with available thermal infrared measurements
for running the STSEB model, the water use efficiency in terms of ETc (WUEc) showed
that close to 50% of water applied in 2019 and 2021 and around 72% of that in 2020
was consumed through the evapotranspiration process, reaching values of 0.44, 0.70, and
0.57 in the DI treatment, and 0.42, 0.74, and 0.48 in the SDI treatment for 2019, 2020,
and 2021, respectively (Table 4). Finally, the irrigation systems showed no significant
differences with respect to the computed nitrogen productivity (NP) values for the last two
experimental years, obtaining average values of 4.85 kg kgN−1 in 2020 and 13.7 kg kgN−1

in 2021 (Table 4).

4. Discussion
4.1. Effects of Irrigation System on Crop Growth and Development

In general, the almond crop growth and development was not limited by a lack of
available water for the entire experimental period, since the almond trees showed a suitable
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water status, with the exception of some specific moments and before harvesting, when the
trees were medium to moderately stressed, following Fulton et al. [44] (Ψs ≤ −1.0 MPa;
Figure 4). This was especially significant over the first growing season, and during the crop
growth periods (from swollen bud to early hull split; Table 3) for the third and fourth crop-
greening. The combination of rainfall and irrigation events provided to the crop over the
three experimental seasons, together with the fertilizing and pruning schedule, and with a
suitable pest and disease program, allowed for fast crop growth and the early onset of the
productive period. This can be noted by an important leap in the crop growth evolution,
with an increase of around 2.2 and 1.9 m in the crown diameter and tree height, respectively,
duplicating the maximum fc attained by the crop between the 2019 and 2021 growing
seasons (Figure 3). Similar patterns of fc evolution were reported by Espadafor et al. [52],
who reported a final fc value of 0.35 in the fourth crop-greening. Close values of ground
cover were also measured by Drechsler et al. [18], reporting values of 0.22 and 0.55 of fIPAR,
which were similar to fc when measured at noon, in the 4- and 5-year-old almond orchards
grown in California. Zhang et al. [53] obtained no statistical differences in the fc evolution
of young pomegranate trees irrigated under the DI and SDI systems, although larger fc
values were observed in SDI trees than in DI trees. A field experiment in young peach trees
obtained significant differences in fc between the DI and SDI systems, while both treatments
produced larger trees than those irrigated by a microjet (micro-sprinkler) system [54].

Focusing on almond development, although no significant differences between treat-
ments were observed for any experimental season, the inter-season differences in the crop
cycle duration (between 25 and 50 days) were mainly generated by the onset date and fall
date of each growing season (Table 3). A shorter crop cycle duration in 2021 was due to the
improper leaf application of micronutrients a few weeks after harvest, which caused leaf
fall to move forward (Table 3). The date of the rest of the phenological stages were close
between seasons (between 3 and 10 days), with these inter-season differences shortening
toward fruit maturity (early hull split and fruit ripe; Table 3). In addition, the full bloom
stage of this study with the ‘Penta’ cultivar (Table 3) is consistent with that reported by
Lorite et al. [55] for late-flowering cultivars (‘Lauranne’ and ‘Marta’).

4.2. Effects of Irrigation System on Crop and Soil Water Status

The lowest Ψs values measured in both treatments (around −1.5 MPa; Figure 4),
considered as mild to moderate stress [44], were obtained at dates close to crop harvest
(points close to vertical lines in 2020 and 2021; Figure 4). A lower irrigation frequency
was the main reason for these values, the aim of which was to give a higher lignifica-
tion level to the main stem tree and avoid bark damage with the inverter-umbrella type
fruit collecting machine. A similar behavior of crop water status, although much more
pronounced, was observed by Drechsler et al. [18] during almond harvest activities, re-
porting between −2.0 and −3.1 MPa at the end of August in 3- and 4-year-old orchards.
Regarding the crop water relations obtained (Figure 8), similar results were also reported by
Espadafor et al. [56], who determined that Tc could reach up to a 45% of difference when
Ψs declined up to −1.6 MPa.

Considering the soil moisture evolution (Figure 5), a similar pattern to that measured
by Ψs was also observed, measuring the lowest soil water content around harvest period
during the two last growing seasons. However, consistent soil water depletion between
the first and the last growing seasons, and between both treatments, was identified by the
soil moisture sensors. The increase in fc between both seasons could result in a higher
rainfall interception by the canopy, causing an improper capture of the soil moisture level
by the soil sensor probes, already located under canopy cover in the third growing season
(Figure 5). In a practical and operative sense, the trends shown in Figure 8a should be used
with caution, since soil moisture content represents one point of the soil, close to the drip
line, and does not integrate the real soil moisture content for the tree spacing.
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4.3. Effects of Irrigation System on ETc and Its Partition

Analyzing the effect of the irrigation system on the almond ETc estimates and their
partitions (Es and Tc), minor differences (between 0.1–0.2 mm day−1) were determined
on a daily basis between the DI and SDI treatments for the spring and fall periods in the
three experimental years (Figure 6). Differences emerged during the higher ETo period
(from May to August; Figure 6), resulting in being up to 1.0–1.3 mm day−1 higher for
the DI treatment than the SDI treatment in ETc for the last growing season (Figure 6).
Considering the estimated Tc, very close values for both treatments were estimated during
the three growing seasons (Figure 6) since the fc evolution was similar for both treatments
(Figure 3c). A slightly higher fc in DI than in SDI during April–July for the last season (be-
tween 0.5–2.4% more of fc; Figure 3c) generated the largest differences in Tc, ranging from
0.3–0.6 mm day−1 higher for the DI than for the SDI treatment (Figure 6). The mean daily
ETc and Tc values derived from the STSEB model (Figure 6) showed a rising trend linked
to the increase in fc across the three experimental years (Figure 3c), as previously identified
by Espadafor et al. [52], Drechsler et al. [18], or Sánchez et al. [28], who used different
approaches to measure crop evapotranspiration in young almond orchards. Espadafor
et al. [52] measured the maximum Tc values of 1.0, 2.5, and 3.1 mm in the second to fourth
crop-greening of an almond orchard with a fc evolution similar to the present experiment.
Lower values of ETc and Tc (up to 3.0 and 2.5 mm day−1, respectively) were obtained by
Sánchez et al. [28] in an almond orchard whose maximum fc was around 0.40. In contrast
to the former data, Drechsler et al. [18] reported the maximum mean ETc values of around
3.0 mm day−1 in a 2-year-old orchard and between 7.0 and 8.0 mm day−1 in 3- and 4-year
old orchards, which doubled our ETc estimations (Figure 6). A feasible explication for these
large differences might be the different soil water evaporation rates in the micro-sprinkler
irrigated orchards [18] compared to drip-irrigated orchards (either this experiment or those
by Espadafor et al. [52] and Sánchez et al. [28]), since the measured fc data in all of the
experiments were in the same range.

Although the SDI lateral irrigation lines were buried 0.35 m below the soil surface, the
irrigation management (frequency of irrigation events and water depths) applied to the
SDI treatment was intended to eliminate soil evaporation. Note that around 76% less Es
was estimated in the SDI treatment than in the DI treatment (Figure 7) during the periods
when the precipitation was null or minimum (June to August, Figure 6). However, the
mean daily Es values were similar between treatments (0.8 and 1.3 mm day−1) for those
periods with rainfall events. Burying lateral irrigation lines much deeper, between 0.50 and
0.55 m [32,53], could improve the consumptive water use by the crop since there was still a
24% margin to reduce soil evaporation in the SDI with respect to the DI treatment.

Overall, the accumulated Es/ETc ratios were similar between treatments for the three
monitored seasons (around 48, 29 and 33% in 2019, 2020, and 2021, respectively), although
these values were considerably different between the three monitored periods. Comparing
the former ratios for the first and the last growing seasons, where the monitored periods
covered almost all the crop growth period (Figure 6), a higher Es/ETc ratio was estimated
in 2019 than in 2021 (15% more). This difference is explained by the increase in fc, reducing
the potential evaporation from the soil surface. Unlike our results, Bryla et al. [54] found an
approximate 10% loss of water to evaporation when the crop was young and the ground
surface was not completely shaded. In contrast, Sánchez et al. [28] reported Es/ETc ratios
(26%) close to our findings and larger than those reported by other authors [53,54].

With respect to the seasonal water use, the accumulated ETc for the DI and SDI
treatments over the three growing seasons were completely covered with the accumulated
irrigation and rainfall, being between 25 and 50% over the accumulated ETc (Figure 7). The
main reason was the rigorous fertigation program implemented each season by the grower,
where a daily dose fertilization had to be applied to the crop, regardless of the rainfall. Thus,
around 0.80 h day−1 was the minimum irrigation period used when a moderate-heavy rain
took place. Although this was a limitation in improving the rainwater use efficiency, not
considering rainfall events in the accumulated calculations allowed us to determine that
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the irrigation amount applied to each monitored season and treatment were close to the
accumulated ETc (Table 4; Figure 7).

4.4. Effects of Irrigation System on Yield, Use of Water and Nitrogen

The Yk for 2021 increased around 5 times compared to that harvested in 2020, attaining
a mean value of 2206 and 2163 kg ha−1 for the DI and SDI treatments, respectively (Table 4).
These values were hardly ever reached in the area with a 4-year-old almond orchard,
whose Yk was close to those obtained in mature trees grown under similar climatic con-
ditions [10,57–60], although somewhat distant from the maximum kernel yields obtained
in southern San Joaquin Valley (over 4400 kg ha−1; [44,61]). The significant increase in Yk
caused the yield components to be compensated for, obtaining mean Wk and Rk values
were around 14.6% lower and 7.2% higher, respectively, in 2021 vs. 2020 (Table 4). The
measured Wk data in this research (0.96 and 0.83 g) were comparatively lower than those
reported in other works, which ranged between 1.26 and 1.05 g [10], around 1.18 g [34]
or between 1.27 and 1.59 g [57]. The agronomic characteristics of each cultivar used in
those experiments (‘Guara’, ‘Cartagenera’, and ‘Marta’ vs. ‘Penta’) are the main reason
for these differences. However, our Rk data were similar to the kernel fraction obtained
by Egea et al. [57] and Romero et al. [34].

A 13.7% less of the seasonal irrigation amount (IW) applied in the SDI treatment vs.
DI treatment for 2021 allowed for the irrigation water productivity (IWP) of SDI to be
significantly improved in 0.04 kg m−3 (12.9% higher) with respect to that calculated in
the DI treatment (0.31 kg m−3; Table 4). However, a non-significant increase in IWP was
observed for 2020, since 14.2% less of Yk in the SDI vs. DI was compensated for by the
lower IW applied (13.9%), obtaining the same IWP in both treatments (Table 4). Despite the
almond trees in the third and fourth crop-greening being at the training phase, a lower Yk
was obtained in 2020 compared to that in 2021 because of the different fc values reached
by the orchard (Figure 3c). The increase in IWP for SDI for 2021 was mainly justified
by the lower evaporation losses from soil and the easy availability of water within the
root zone [19,29]. Similar improvements in IWP were reported by Ayars et al. [32] and
Ma et al. [33], who achieved between 6.5 and 14.7% more IWP for the SDI system than the
DI system in pomegranate and vines, respectively. The IWP values computed for 2021 were
close to those reported by several authors in mature almond orchards managed under full
irrigation [10,59,60], whose data ranged between 0.25 and 0.40 kg m−3.

The WUEc data for both treatments in 2020 showed that around 28% of the water
applied corresponded to non-beneficial water use (N-BWU) (i.e., water lost through deep
percolation and runoff) [4,45]. However, higher percentages of N-BWU were computed
for 2019 (around 57%) and 2021 (among 43% for DI treatment and 52% for SDI treatment).
These differences in percentages between experimental seasons may be explained by the
length of the monitored period in 2020, which covered both the summer and fall periods,
with a lower precipitation amount than those values reported for 2019 and 2021 (65.8 vs.
354 mm; Table 4). From this analysis and those related to seasonal water use (Figure 7),
we may deduce that in both irrigation management schedules, in combination with the
rainfall events, a proper soil water reservoir was maintained over the three growing seasons,
allowing for similar tree growth and development as well as plant–water status. As a result
of these findings, and the almond orchard management implemented, a fast onset of the
productive period for young trees was achieved, as proven by the Yk obtained.

Finally, the computed nitrogen productivity (NP) values showed no differences be-
tween the two irrigation systems for the two last experimental years despite some minor
differences observed (Table 4). A significant increase in this indicator was noted in both
treatments, with these values in 2021 being around 2.9 times higher than those computed
in 2020 (Table 4). Ayars et al. [32] reported higher NP in the SDI than in the DI treatment
in two of the three experimental seasons studied. However, these authors determined
a decrease in each experimental season with increasing levels of nitrogen applied, since
there was no yield increase associated with the increased levels of applied N. A similar
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behavior might be occurring in the almond trees, and this will be further explored in
coming growing seasons.

5. Conclusions

The results of this research show that both almond crop growth and development as
well as the almond tree water status showed no significant differences between the two dif-
ferent drip-irrigation systems (surface, DI; and subsurface, SDI) over three growing seasons
in a young almond orchard. In terms of crop-water use (ETc and its partition, Es and Tc)
estimated from the two-source energy balance modeling (STSEB), trees under both treat-
ments showed minor differences for the spring and fall periods (0.1–0.2 mm day−1), while
larger differences (1.0–1.3 mm day−1 of ETc higher for DI treatment than SDI treatment)
were obtained during more demanding ETo periods. Nevertheless, crop transpiration (Tc)
was similar in both treatments during the three monitored periods, with maximum values
increasing with fc development. Additionally, soil evaporation (Es) was influenced by the
increase in fc over the three growing seasons, being around 48% in 2019 and 33% in 2021.

The irrigation management applied in both treatments during the study period al-
lowed us to guarantee both a proper soil water level and a suitable crop-water status
during the young-almond phase. Good correlations were obtained between the steam
water potential and both soil moisture and crop transpiration. In addition, to manage the
almond orchard under pristine conditions (well-managed fertigation, pest and diseases,
and training system) generates a fast onset of the productive period. A reduction of be-
tween 10% and 13.8% in the seasonal irrigation amount applied in the SDI with respect
to the DI, generated good tree performance, since no differences were found between the
two irrigation systems in either yield components or in the kernel yield resulted. However,
significant differences between treatments were obtained in terms of irrigation water pro-
ductivity for the last experimental season, resulting in being 12.9% higher for the SDI than
the DI treatment. No significant differences between the treatments were found for nitrogen
productivity. These encouraging results suggest that the SDI system could be a sustainable
alternative to reduce consumptive water use and to increase the water productivity in
almond orchards, a crop with high crop water requirements traditionally planted in areas
with limited water resources.
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Appendix A
Abbreviations Units Meaning
ANOVA - Analysis of variance
Dc m Crown diameter
DI - Surface drip irrigation system
Dr,i mm Soil water depletion
DRZ - Direct root zone irrigation
Es mm Soil evaporation
ETc mm Crop evapotranspiration
ETo mm Reference crop evapotranspiration
fc fraction of unity fraction of ground covered by the canopy
FC m3 m−3 Field capacity

fIPAR fraction of unity
fraction of intercepted photosynthetic active
radiation

Fu kg tree−1 Total in-shell fruit fresh weight per tree
G W m−2 Soil heat flux
HFf % Water content of fruit fresh weight
Hr % Mean daily relative humidity
H W m−2 Sensible heat flux
Ht m Tree height
I mm Irrigation depth
IRT - InfraRed Thermometers
IW m3 ha−1 Seasonal irrigation water applied
IWP kg m−3 Irrigation Water Productivity
Kcb addimensional Standard basal crop coefficient
Kcb end addimensional Kcb for end season
Kcb ini addimensional Kcb during initial crop stage
Kcb mid addimensional Kcb during mid-season stage
Kd addimensional density coefficient
LE W m−2 Surface latent heat flux
LEc W m−2 Canopy latent heat flux
LEs W m−2 Soil latent heat flux
N-BWU - Non-beneficial water use
NP kg kg−1 N Nitrogen productivity
PAR - Photosynthetically active radiation
Pe mm effective precipitation
PWP m3 m−3 Permanent Wilting Point
R mm Monthly total rainfall
RAW mm Readily available water
RDI - Regulated deficit irrigation
REW mm Readily evaporative water
Rk fraction of unity Kernel fraction
Rn W m−2 Net radiation flux
SDI - Subsurface drip irrigation system
SEB - Surface energy balance
STSEB - Simplified Two-Source Energy Balance
SWB - Soil water balance
Ta

◦C Mean daily air temperature
Tc mm Crop transpiration
Td plants ha−1 Tree density
TEW mm Total evaporable water
u2 m s−1 Mean daily wind speed
Wk g Kernel unit weight
WUEc mm mm−1 Crop-water use efficiency
Yk kg ha−1 Commercial kernel yield
Ze m Depth of the evaporative soil layer
Zr m Depth of the root zone layer
λ J kg−1 Latent heat of vaporization of water
Ψs MPa Midday steam water potential
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