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Current water scarcity scenario has led to the implementation of sustainable agricultural practices intended to
improve water use efficiency. The present work evaluates during three agricultural campaigns (2018-2020) the
response of a young almond orchard to two management practices in terms by combining remote sensing indexes
(Normalized Difference Vegetation Index, NDVI; and Soil Adjusted Vegetation Indexes, SAVI) and physiological/
morphological measurement (stem water potential, Wgem; trunk perimeter and canopy diameter). The man-
agement practices included (i) sustained deficit irrigation and (ii) soil management. Severe deficit irrigation
resulted in lower vegetation indexes (VI) values, Wgem and tree dimensions (13 %, 23 % and 14 % lower,
respectively) than those obtained for full irrigation strategy; whereas moderate deficit irrigation did not affect
any of the parameters analysed. The presence of vegetation cover in the inter-row resulted in a VI increase
(19-42 %) and in lower tree dimensions (reductions of 7-8 % for trunk perimeter and 0.34-0.37 m for canopy
diameter) when compared to bare soil treatment, but did not have any influence on Wiem. The present study
proves the suitability of remote sensing and physiological measurements for assessing almond response to the
different management practices.

1. Introduction The Mediterranean basin is characterized by a shortage of rainfall

and water resources, so the adoption of SMP is essential in the man-

Current climate change scenario and projected world population
growing are leading to the adoption of sustainable management prac-
tices (SMP) in agriculture intended for increasing food production, while
making a more efficient use of water and soil resources (Almagro et al.,
2016; Delgado et al., 2013; Eekhout and de Vente, 2019). These SMP can
apply to any component of the Soil-Plant-Atmosphere (SPA) continuum.
Thus, specifically at soil level, several practices have been proposed for
managing organic carbon and nutrients in soil, optimizing soil physical
conditions and soil biological processes and minimizing soil erosion
from agricultural land (Powlson et al., 2011). At plant level, most SMP
are aimed at diversifying crops (crop rotation, mixed cropping and
inter-cropping); irrigation and water management (e.g. deficit irrigation
strategies, DI; and micro-drippers); using improved varieties (e.g. more
tolerant to drought and pests, early maturity crops and short duration
varieties); rescheduling planting calendars; and using organic and
bio-fertilizers (Wezel et al., 2014).
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agement of agricultural systems. In this context, the cultivation of al-
monds in this area requires the implementation of agricultural practices
that improve efficiency in the use of water and have a low environ-
mental impact. Although the almond tree is considered a drought-
tolerant specie, the availability of water and how it is applied and
distributed is a fundamental factor in its development and yield (Gold-
hamer and Fereres, 2017; Gutiérrez-Gordillo et al., 2020). Deficit irri-
gation strategies and precision irrigation can help improve water
resource management by improving water use efficiency and main-
taining an adequate crop yield (Gonzalez-Dugo et al., 2020; Girona
et al., 2005). These strategies are based on applying water below the
evapotranspiration requirements (Fereres and Soriano, 2007). Two of
the most worldwide used DI strategies are sustained deficit irrigation
(SDI) consisting in applying at certain water deficit during the entire
growing season; and regulated deficit irrigation (RDI), based on
concentrating the water stress imposition only during certain
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phenological periods (Fereres and Soriano, 2007). The latter strategy is
based on reducing the water supply at certain phenological stages where
fruit development and growth are less affected, leading to improvements
in water use efficiency and/or fruit quality compared to SDI. In almond
orchards, the lower sensitivity stage to water stress is during the
kernel-filling period (Girona et al., 2005). Moreover, RDI strategies that
deliberately alter soil moisture by watering only part of the rootzone
enhance crop responses to soil water deficit compared with conventional
deficit irrigated plants receiving the same water supply (Egea et al.,
2011).

In current agricultural systems, the introduction of vegetation covers
(VC) growing in the inter-row of woody orchards is an important global
strategy to reduce soil erosion, runoff and nutrients loss (Liu et al., 2021;
Repullo-Ruibérriz de Torres et al., 2021). Moreover, VC increases the
organic matter and the biological activity of the soil, improving its
structure and water retention capacity (Lal, 2013; Milgroom et al.,
2007). Numerous studies analysed the positive effects triggered by the
introduction of inter-row VC in almond orchards (Abbasi Surki et al.,
2020; Almagro et al., 2016; Fracchiolla et al., 2016; Martinez-Mena
et al.,, 2021a, 2021b; Morugan-Coronado et al., 2020; Ramos et al.,
2010; Repullo-Ruibérriz de Torres et al., 2021; Vicente-Vicente et al.,
2016). Almagro et al. (2016) observed in semiarid Mediterranean
agroecosystems that rainfed almonds with reduced tillage and VC
showed lower soil erosion rates and higher yields, soil organic carbon
contents and aggregate stability than conventional treatments. Mor-
ugan-Coronado et al. (2020) suggested the use of permanent crops in the
inter-row with minimum tillage and organic fertilization under Medi-
terranean climate conditions to improve soil quality properties, adap-
tation to drought and erosion events, without negative effects on the
yield of tree crops. However, these authors highlighted the importance
of the soil characteristics and climate conditions particular of each re-
gion on crop responses to SMP, especially in warm and dry environ-
ments. In this line, Ramos et al. (2010) proposed the use of VC in
semiarid environments instead of frequently tilled management to in-
crease the organic matter content in the soil improving its chemical,
physical and biological activity. Nevertheless, these authors indicated
that the higher water extraction by VC could negatively affect the
almond orchard development and its yields. Therefore, possible
competition for water and nutrients between woody crops and adjacent
herbaceous species should be analyzed based on specific crop species,
agricultural management practices and climate conditions (Mor-
ugan-Coronado et al., 2020).

In recent decades, time-series information obtained from remote
sensing (RS)-based images has been broadly used for crop dynamics
monitoring. Remote sensing has demonstrated its potential and effec-
tiveness to carry out spatial-temporal monitoring of vegetation (Calera
et al., 2017; Khaliq et al., 2019) through vegetation indices (VI) derived
from remote sensing images. VI, are sensitive to changes in vegetation in
terms of physiological development, since they can reflect the growth
and development adversities suffered by the crop by reducing the
chlorophyll density or its biomass, which will cause a decrease in the VI
value (Tucker, 1979; Tucker et al., 1981). This fact has favored its use as
indicators of various biophysical parameters such as the vegetation
fraction cover (canopy cover, CC), leaf area index, fraction of absorbed
photosynthetically active radiation, crop coefficient (K.), plant height,
and chlorophyll and water content, among others (Alganci et al., 2014;
Bausch and Neale, 1987; Pinter et al., 2003). The evolution of canopy
biophysical parameters in woody crops has been characterized in
different works through the normalized difference vegetation index
(NDVI; Rouse et al., 1973) and Soil Adjusted Vegetation Index (SAVI;
Huete, 1988) (Balbontin et al., 2017; Bellvert et al., 2018, 2021; Campos
et al., 2010; Conesa et al., 2019; Zarate-Valdez et al., 2012). However,
some authors call for caution in using VIs due to their sensitivity of
vegetation indices to canopy geometry (leaf angle distribution function,
row orientation, and spacing), soil optical properties, sun position and
the cloudiness (Baret and Guyot, 1991). Additionally, special attention
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need to be paid when trying to apply VI on heterogeneous canopies with
a mixed combination of soils, weeds, cover crops and trees; since this
kind of crops makes more difficult the discrimination and extraction of
the VI of each single component (Xue and Su, 2017).

The temporal assessment of VIg describes the time evolution of
vegetation canopies and provides information regarding relative
photosynthetic capacity (Asrar et al., 1984). NDVI and SAVI can be
easily derived through satellites such as Sentinel-2 over large areas in
near real time.

Another advantage of RS is that it allows obtaining information
automatically on plant structures through the study or interpretation of
images obtained from remote sensors. At the individual tree level, these
images allow to acquire information on key parameters such as distance
between trees, their location, and tree canopy diameter and volume,
among others (Wagner et al., 2018). Nevertheless, the use of manage-
ment practices such as VC may limit the usefulness of RS for charac-
terizing woody crops (Aguirre-Garcia et al., 2021; Burchard-Levine
et al., 2021).

The main objective of this work was to evaluate the vegetative
response of almond trees to sustained irrigation regime and soil man-
agement. The main hypothesis to be tested within the present study was
whether VI derived from RS were a suitable methodology for almond
water status and almond morphological parameters determination. This
hypothesis was addressed by the comparison of NDVI and SAVI time-
series with plant water status (stem water potential; Wser,) and plant
morphological measurement (trunk perimeter and canopy diameter)
performed at ground level. Additionally, an automatic method to obtain
CC through RGB aerial orthophotos was proposed.

2. Materials and methods
2.1. Experimental treatments and design

An experiment was performed in a 2.1 ha commercial young almond
orchard (Prunus dulcis var. Belona) located in Hellin (38° 22’ 53’ N, 1°
30’ 32’ W; Albacete, Spain) (Fig. 1) during three agricultural campaigns
(2018-2020). Almond trees were grafted on G-677 rootstock and plan-
ted in the spring of 2016 with a triangular planting with a spacing of 7 x
5 m. Currently, the trees have reached an average height of 2.5-3 m
(Fig. S1).

The soil in the area is classified as Calciorthid having a loam soil
texture, low content of organic matter (1.60 %) and a basic pH of 8.59.
According to the Koppen-Geiger system, the climatology in the study
area is classified as semi-arid steppe (Bsk). Average annual precipitation
(P) and mean air temperature (Ty;) for the period 1982-2012 were
307 mm and 17.2 °C, respectively (https://es.climate-data.org/). Spe-
cifically for the three considered seasons, the average Taj,, relative hu-
midity (RH) and solar radiation (Rs) were 17.5 °C, 64 % and 18.4 MJ m2
d'l; whereas the annual reference evapotranspiration (ET,) and P were
1255 and 310 mm, respectively (Fig. 2).

Pruning, fertilization and pest, disease and weed control were car-
ried out by the farm owner. In brief, pruning was moderate and per-
formed manually in winter. The amount of macronutrients applied in
the forms of N, P20s and K20, were 25, 15 and 20 kg halin 2018; 35, 20
and 30 kg ha! in 2019; and 50, 30 and 50 kg ha™ in 2020, respectively.
A winter treatment was given every year for insect and disease control,
and only in 2020 trees were treated for the almond seed wasp control.
Weeds in the almond row were avoided by treating with herbicides
during spring and autumn.

The experimental design consists of 5 treatments (Table 1) stablished
for analyzing the effects of various agricultural management factors in
an almond orchard including sustained irrigation regime and soil man-
agement on some physiological and morphological parameters. Fig. 3
summarizes the flowchart followed in the present study. The 5 treat-
ments were randomly replicated in a design of 3 complete randomized
blocks. Each experimental unit, treatment replicate, occupied 700 m?


https://es.climate-data.org/
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Fig. 1. Map of the study area located in southern Spain in Hellin (Albacete) (38° 22’ 53"’ N, 1° 30’ 32"’ W). Treatments (ID 0-4, see Table 1) per block (B1-B3) are
also shown. An example of control trees is shown in greater detail. Grey areas correspond with additional treatments not considered in the present study.
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Fig. 2. Daily maximum, minimum and mean air temperature (Tmax, Tmin and Tmean), precipitation (P), solar radiation (R;), reference evapotranspiration (ET,) and
relative humidity (RH) recorded from Cieza meteorological station, for the period 2018-2020.

approximately, containing 20 trees in most cases. The six central trees of
each experimental unit have been used as “experimental trees” for the
physiological and morphological determinations whereas the rest served
as guard trees (Fig. 1).

The effect of sustained irrigation regime (in terms of percentage of
ET. satisfied during the irrigation season) was analyzed by comparing a
control treatment where irrigation satisfied maximum crop water re-
quirements (=~ 100 % of crop evapotranspiration, ET.) with two SDI

strategies that introduced moderate or severe water restrictions
throughout the season (67 % and 33 % of ET,, respectively) (Table 1).
The drippers spacing within the line was 0.75 m with a dripper flow rate
of 1, 2 or 3L h', in the severe, moderate and non-water restrictions
treatments, respectively. Net water requirements were estimated weekly
by subtracting effective P to ET,, the latter calculated as the product of
ET, and K.. Daily ET, was obtained from the nearest (less than 10 km
from the experimental site) meteorological station located in Cieza (38°
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Table 1

Main characteristics of the different treatments and Irrigation volumes (mm) of
the treatments analysed for the 2018-2020 irrigation seasons. ID: identifier. SDI:
sustained deficit irrigation. SDIy;: moderate sustained deficit irrigation. SDIg:
severe sustained deficit irrigation. ET.: crop evapotranspiration. BS: bare soil.
VC: vegetation cover.

ID  Treatment Irrigation Soil Irrigation volume

strategy (%ET.) management (mm)

2018 2019 2020

0 Control 100 % BS 186 206 486
1 SDIy-BS 67 % BS 125 138 326
2 SDIy -VC 67 % vC
3 SDIs-BS 33% BS 61 68 160
4 SDIs -VC 33 % vC

Sustainable agricultural management practices

Soil management
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Fig. 3. Flowchart of the methodology followed in the present study.

17° 24" N, 1° 29’ 56" W; Murcia) belonging to the Sistema de
Informacion Agroclimatica para el Regadio (SIAR, http://eportal.mapa.
gob.es/websiar/Inicio.aspx) agrometeorological station network.
Regarding the K., the values used were those proposed by Espadafor
et al. (2015) and corrected with the percentage of the shaded area of the
control trees that takes into account the average shaded area of the tree
(mz) and the planting frame (mz) (Fereres et al., 1982).

For evaluating the effect of soil management, two soil management
practices were compared: (i) conventional soil management, and (ii) use
of VC (Table 1). In the conventional soil management, the soil was kept
bare (BS, bare soil) by herbicide applications in the rows and spring and
autumn tillage between the rows. Alternatively, the use of VC consisted
of sowing in the inter-rows a mixed cover of legumes (15 % Onobrychis
viciifolia, 15 % Vicia sativa and 10 % Trifolium alexandrinum) and
gramineous (20 % Festuca arundinacea, 20 % Dactylis glomerata and 20 %
Lolium rigidum). Specifically, VC was sown in January 2018 and
December 2019 and re-sprouted during 2020.

Different water meters were installed to monitor irrigation applica-
tions. Table 1 shows the irrigation volumes applied to the different
treatments during the three irrigation seasons.

2.2. Remote sensing imagery

Sentinel-2A and 2B satellites imagery were used for evaluating the
effect of the considered management factors. These freely-available
images, downloaded from Copernicus Open Access Hub (https://scih
ub.copernicus.eu/dhus/#/home), corresponded with orthorectified
Bottom-Of-Atmosphere reflectances (level-2A product). The spatial
resolution of Sentinel-2 imagery ranges from 10 to 60 m depending on
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the considered spectral band. In this study, only 10 m spatial resolution
bands were used (see section “2.2.1. Vegetation Indices”). Satellite
revisit frequency in the study site is 5 days when considering both
Sentinel-2A and 2B satellites together. For the considered period
(2018-2020), a total of 200 satellite images were available. However,
for the purpose of this study, it worsened by the presence of clouds on
the study site (~ 65 % for the 2018-2020 period), resulting in a total of
70 cloudless available satellite images (Table 2).

2.2.1. Vegetation indices

For each treatment and year analyzed, the vegetation temporal
evolution was examined through the NDVI and SAVI derived from
Sentinel images. The NDVI is defined as the normalized difference of the
near infrared (pyr) and red (prgp) reflectances:

NDVI — PNiR — PRED 1)
Pnir T PreD

where pyr and prep correspond to band 8 (0.833 um) and band 4
(0.665 um) of the Sentinel satellite images, respectively. NDVI values
range from — 1 to + 1. Dense vegetation presents positive and high
NDVI values, bare soil has near to zero values, and clouds, snow and
water have negative values.

Similarly, SAVI is computed from pyr and pgrep, but its calculation
includes L coefficient (assumed in this study equal to 0.5) in order to
correct the influence of soil brightness in areas where vegetative cover is
low (Huete, 1988):

Pnir — PrED
Pnir t Prep L

SAVI = *(14+L) ®)

2.2.2. Geometric correction of Sentinel-2 images
Sentinel-2A and 2B images show a small geometric displacement

Table 2
Acquisition dates of the images used in the study (S2A: Sentinel-2A; S2B:
Sentinel-2B).

2018 2019 2020

01 January 2018 S2A
21 January 2018 S2A
15 February 2018  S2B
22 March 2018 S2A
27 March 2018 S2B

06 January 2019 S2A
26 January 2019 S2A
05 February 2019  S2A
25 February 2019  S2A
17 March 2019 S2A

06 January 2020 S2B
11 January 2020 S2A
16 January 2020 S2B
10 February 2020  S2A
15 February 2020  S2B

16 May 2018 S2B 27 March 2019 S2A 11 March 2020 S2A
15 June 2018 S2B 11 April 2019 S2B 26 March 2020 S2B
20 June 2018 S2A 16 April 2019 S2A 20 May 2020 S2A
30 June 2018 S2A 26 April 2019 S2A 30 May 2020 S2A
10 July 2018 S2A 16 May 2019 S2A 14 June 2020 S2B
30 July 2018 S2A 31 May 2019 S2B 29 June 2020 S2A
04 August 2018 S2B 10 June 2019 S2B 04 July 2020 S2B
09 August 2018 S2A 15 June 2019 S2A 19 July 2020 S2A
29 August 2018 S2A 25 June 2019 S2A 24 July 2020 S2B
23 September S2B 15 July 2019 S2A 29 July 2020 S2A
2018
03 October 2018 S2B 25 July 2019 S2A 08 August 2020 S2A

13 October 2018 S2B 04 August 2019 S2A 13 August 2020 S2B

07 December S2A 14 August 2019 S2A 28 August 2020 S2A
2018
17 December S2A 24 August 2019 S2A 12 September S2B
2018 2020
03 September S2A 27 September S2A
2019 2020
18 September S2B 07 October 2020 S2A
2019

03 October 2019 S2A
13 October 2019 S2A

17 October 2020 S2A
27 October 2020 S2A

12 November S2A 01 November S2B
2019 2020
22 December S2A 01 December S2B
2019 2020
26 December S2A
2020
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from one to another date (Fig. 4). If not corrected, it could lead to unreal
results, especially when dealing with small experimental units as hap-
pens in the present study. The methodology followed to correct such
displacements consisted on generating a vector file taking an Ortho-
photo of the Spanish National Plan for Aerial Orthophotography (PNOA
2019; https://pnoa.ign.es/) as reference. This vector file contains (i) two
dirt roads located on the west and on the north of the study plot; and (ii)
the experimental units. This methodology assumes that the distance
from these roads to each one of the experimental plots was invariant and
well known. Thus, the vector file generated on PNOA orthophoto was
displaced for each satellite date taken as reference the dirt roads in each
one of the Sentinel images. In this way, shifting the vector file instead of
georeferencing the raster satellite images will preserve the original pixel
values avoiding signal modifications caused by the georeferencing of the
image (e.g. using a cubic convolution resampling). This pre-procedure
was performed using ArcGIS (v10.2; Esri, Redlands, CA, USA). Fig. 4
shows an example comparing the analyzed plot from a PNOA ortho-
photo and from two Sentinel images (20 May 2020 and 1 November
2020). Displacement between Sentinel images can be easily observed
from adjacent trails to the plot.

2.3. Canopy cover from PNOA orthophotos

Canopy area of each control tree (Fig. 1) was calculated using PNOA
RGB orthophotos of October 2018 and June 2019. Such orthophotos
have a 25 cm pixel size that allowed distinguishing between tree and soil
surfaces within the analyzed experimental plots. The segmentation was
carried out using the open-source Semi-Automatic Classification Plugin
(Congedo, 2021), developed for QGIS software (https://www.qgis.org
/es/site/) (version QGIS 3.12 ‘Bucuresti’ provided by QGIS Develop-
ment Team). Representative areas of almond trees and areas of BS were
manually selected for obtaining the typical spectral signature of the
vegetation and the soil, which represents the basis for their automatic
discrimination. Finally, the obtained segmentation was visually checked

PNOA orthophoto:
June 2019

Legend

= Shapefile PNOA Orthophoto
= Shapefile S2A 20 May 2020
—— Shapefile S28 1 November 2020

0 25 50m N
| |

WGS 84/UTM Zone 30N

Sentinel-2A image:
20 May 2020
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for correcting any possible error in the classes assignment.

The CC (%) values obtained through PNOA orthophotos were line-
arly correlated with the CC measured in field (see section “2.4.2. Trunk
perimeter and canopy diameter”) in two dates close to those of the
PNOA acquisition date (Fig. S2). Concretely, the dates of the measure-
ments field were 11 November 2018 and 5 July 2019.

2.4. Field determinations

Physiological and morphological determinations of Wgtem, trunk
perimeter and canopy diameter were performed at different dates during
the three years analysed (Fig. 5).

2.4.1. Stem water potential
Measurements of Wy, (MPa) were performed once or twice a month

] - yy n
+_Stem water potential Trunk perimeter Canopy diameter 'l

A A A A A A A A A A

n L} n L} L} L} L} L}
+ 4+ ++ o+ + + +4 A+

Fig. 5. Dates of field determinations during the period 2018-2020.

Sentinel-2B image:
1 November 2020

Fig. 4. Example of geometric displacement between Sentinel images (20 May 2020 and 1 November 2020).
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(Fig. 5) by means of a Scholander-type pressure chamber (Model 600,
PMS Instrument Company, Albany, OR, USA). Two (in 2018) or three (in
2019 and 2020) mature leaves from two different trees were selected for
each experimental unit. The leaves were enclosed in plastic bags covered
with aluminium foil at least 1 h before performing the measurements,
which were conducted between 12:00 and 14:00 h solar time. Wgtem
measurements were performed in all treatments except for the first
irrigation season where no measurements were made in SDIy-VC.

2.4.2. Trunk perimeter and canopy diameter

Trunk perimeter was measured manually with a tape measure prior
to the bifurcation of the branches with respect to the trunk at a distance
of about 0.4 m above the ground. The measurements were performed
twice, during 2018, or three times, during 2019 and 2020 (Fig. 5).

Canopy diameter was measured with a marked pole with a band
spacing of 10 cm three times during 2018 and 2020 and four times
during 2019 (Fig. 5). From these diameters, CC (%) was estimated as the
area occupied by the three (assumed as a circle of mean diameter)
divided by the planting framework (7 x 5 m).

Trunk perimeter was measured in two trees for each experimental
unit (6 trees per treatment) and canopy diameter was measured in four
trees for each experimental unit (12 trees per treatment).

The trunk perimeter and the CC were linearly interpolated between
the field measurement dates and correlated with the NDVI and SAVI
values on a selected date for every year chosen during the second half of
May (16 May 2018, 16 May 2019 and 20 May 2020). This date coincided
when the growth of the almond trees was maximum and when great
differences in the values of NDVI and SAVI were observed between
treatments with and without VC, before the summer, avoiding a possible
summer vegetative stop caused by high temperatures. The analysis was
performed distinguish between treatments with VC, SDIy-VC and SDIs-
VC, and treatments with a conventional soil management, SDIy-BS and
SDIs-BS. All CC measurements performed were also correlated with the
NDVI and SAVL. Thus, the VI values were linearly interpolated between

NDVI

* Arr ke x

* %

PEPPTTLI
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adjacent dates to obtain the daily values for every treatment analyzed
along the study.

2.5. Statistical analysis

In the analyses of effects studied (sustained irrigation regime and soil
management), the differences found between treatments were analyzed
through the temporal evolution of NDVI, SAVI, Wgem, trunk perimeter
and canopy diameter by means of randomized complete block of anal-
ysis of variance (ANOVA). Statistix 9 (Analytical Software, Tallahassee,
USA) was the software used. Significant differences between means were
assessed with an honest significant difference (HSD) Tukey test
(p < 0.05).

Relationships between the morphological determinations of trunk
perimeter and CC versus the temporal evolution of NDVI and SAVI for
the different treatments were performed and analyzed through the root
mean square error (RMSE) and the coefficient of determination (Rz).
Only the pixels completely included within each experimental unit were
analyzed for each image utilized.

3. Results
3.1. Temporal trend of NDVI, SAVI and plant water status

In general, all treatments showed a similar trend in the temporal
evolution of NDVI, SAVI and W.nm (Figs. 6-8). Specifically, for the
considered period, mean irrigation season NDVI of the entire study area
increased progressively from 0.22 in 2018 to 0.31 in 2019 and 0.36 in
2020. In a similar way, mean irrigation season SAVI of the entire study
area increased progressively from 0.17 in 2018 to 0.25 in 2019 and 0.26
in 2020. Regarding the Wgem, a decreasing trend in all treatments was
observed during the summer months for all irrigation seasons consid-
ered, with values of about —1.0 to —1.5 MPa at the beginning of the
irrigation season, reaching the most negative values at the end of July-
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August (—2.5 to —3.0 MPa; Figs. 6-8). Additional information about
statistical analysis is shown in Tables S1-54.

3.1.1. Effects of sustained irrigation regime

When analyzing the effect that sustained irrigation regime had on
almond NDVI and SAVI (Fig. 6), it was observed that control and SDIy-
BS treatments generally presented significantly higher NDVI and SAVI
values than SDIg-BS treatment. The occurrence of these differences
varied from year to year, emerging at late July in 2018, late March and
late June in 2019 (for the differences between control versus SDIs; and
SDIy versus SDIs, respectively); and at mid-May in 2020 (Fig. 6). On the
contrary, no significant differences were observed between control and
SDI-BS treatments, except for the three initial months of the experi-
ment and 4th August 2018 (Table S1); and 27th March (only for SAVI),
11th April, 31st May, 4th August (only for SAVI) and 3rd September
2019 (Table S2); where the control presented significantly higher NDVI
and SAVI values (Fig. 6).

The same discrepancies among treatments were also observed in
terms of Wgem, With the control and SDIy-BS treatments generally not
showing statistical differences among them, but having less negative
Wstem values than SDIg-BS treatment (Fig. 6). Specifically, the latter
presented significantly more negative Wgem by 23 % and 14 %, when
compared to the control and SDIy-BS treatments, respectively
(Table S4).

3.1.2. Effects of soil management

The presence of VC resulted in a significant increase of the NDVI and
SAVI when compared to BS treatments under both SDIy and SDIg irri-
gation strategies (Figs. 7 and 8). Specifically, in 2018 these differences in
NDVI and SAVI appeared from May to August (except in July), with a
mean NDVI increase of 34 % and 19 % for SDIy; and SDIs, respectively;
and a mean SAVI increase of 28 % and 22 % for SDIy; and SDIs,
respectively. In 2019, the effect of the ground cover resulted significant
between early April and early June, causing an average NDVI and SAVI
increase of 50-52 % (Table S2); and also from mid-October of 2019 to
mid-February of 2020, with a mean NDVI and SAVI increase of 36 % and
25 % respectively (Tables S2 and S3). Additionally, statistical
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differences between BS and VC treatments in terms of NDVI and SAVI,
concentrated during May of 2020 with an average NDVI and SAVI in-
crease of 28-29 % and 23-27 %, respectively (Figs. 7 and 8).

Such differences in terms of NDVI and SAVI did not translate into
significant differences of Wiem, neither under SDIy nor SDIg (except for
20th June 2019 and 6th July 2020 for SDIy and 29th May and 1st
October 2020 for SDIg; Figs. 6 and 7).

3.2. Temporal trend of trunk perimeter and canopy diameter

The temporal evolution of the trunk perimeter and the canopy
diameter for every treatment and effect analyzed showed a similar
pattern during the three years examined (Fig. 9). Both parameters
increased progressively after the winter period until the following
winter period throughout the three years of study. The mean initial
trunk perimeter for the entire study site was 7.5 cm, reaching values of
26-32 cm at the end of 2020. Average canopy diameter for the study site
also increased progressively from 1.3 m at the beginning of 2018 to 3.5
m at the end of 2020. Additional information about statistical analysis is
shown in Tables S5 and S6.

Regarding the effect of the sustained irrigation regime on trunk
perimeter, SDIs-BS treatment resulted in significant reductions of trunk
perimeter (=~ 15-13 %) in comparison to the control and SDIy-BS
treatments in most evaluated dates (Fig. 9a). The presence of VC (SDIy
and SDIg) resulted in an 8-7 % lower trunk perimeter at the end of 2020
irrigation season when compared to BS treatments (Fig. 9c and e).

Sustained irrigation regime also showed a significant effect on can-
opy diameter. Specifically, SDIs-BS treatment resulted in significant
lower canopy diameters than control in the last two measurement dates
(mean canopy diameters reduction of 0.45 m) (Fig. 9b and Table S6).
Significant canopy diameter reductions of about 0.37 m were discon-
tinuously observed throughout the study period between SDIg-BS and
SDIy-BS treatments, although these treatments showed no differences at
the end of the experiment. The presence of VC also caused a reduction of
canopy diameter of 0.34-0.37 m when compared to BS both under SDIy
and SDI; irrigation regimes from November 2018 (SDIyy) and July 2019
(SDIs) to the end of 2020 (Fig. 9d and f).

Fig. 9. Temporal evolution of the trunk
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3.3. Relationships between remote sensing measurements and
morphological determinations

3.3.1. Vegetation Indexes-Trunk perimeter

Trunk perimeter and VI showed a high correlation both for BS and
VC treatments, with R? values of 0.94-0.95 and RMSE values ranging
from 1.49 to 1.86 cm (Fig. 10a, c¢). However, this relationship varied
depending on the soil management and the differences between BS and
VC were more evident as the tree was bigger (i.e., higher trunk perim-
eter). For instance, trees with a similar trunk perimeter of 10 cm
exhibited mean NDVI differences of about 0.10 between BS and VC
treatments (NDVI of 0.16 and 0.26 for BS and VC, respectively); whereas
these NDVI differences reached values of 0.20 for trunk perimeters close
to 25 cm (NDVI of 0.36 and 0.56 for BS and VC, respectively) (Fig. 10a).
However, these differences between BC and VC treatments in terms of
SAVI resulted lower than for NDVI, being 0.07 (SAVI of 0.14 and 0.21 for
BS and VC, respectively) and 0.17 (SAVI of 0.26 and 0.43 for BS and VC,
respectively) for trunks perimeters of 10 and 25 cm, respectively
(Fig. 10c).

3.3.2. Vegetation Indexes-Canopy cover
When correlating VI; and CC observed at the seasonal moment of
maximum almond growth (Fig. 10b, d), close relationships were
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obtained both for BS and VC treatments (R? from 0.80 to 0.91). Addi-
tionally, the dispersion of the relationship obtained for both VIg was
higher for VC treatments than for BS, with RMSE values of 4.05-4.07 %
and 3.36-3.45 %, respectively.

As observed also for trunk perimeter, the obtained relationship
varied depending on the soil management and being the differences
between VC and BS more evident as the tree CC was higher. Thus, trees
with a similar CC of 5 % exhibited mean NDVI differences of about 0.10
between BS and VC treatments (NDVI of 0.16 and 0.26 for BS and VC,
respectively); whereas these NDVI differences reached values of 0.25 for
CC close to 25 % (NDVI of 0.35 and 0.60 for BS and VC, respectively)
(Fig. 10b). As for the relationship obtained for the trunk perimeter, these
differences between BC and VC treatments in terms of SAVI resulted
lower than for NDVI, being 0.07 (SAVI of 0.15 and 0.22 for BS and VC,
respectively) and 0.18 (SAVI of 0.27 and 0.45 for BS and VC, respec-
tively) for canopy covers of 5 % and 2 %, respectively (Fig. 10d).

On the other hand, when considering all canopy measurements
performed during the entire almond growth and development cycle
(Fig. 11a, b), the strength of the relationships diminished, with R? values
of NDVI relationships of 0.60 and 0.24 for BS and VC, respectively; and
R? values of SAVI relationships of 0.47 and 0.14 for BS and VC,
respectively. Accordingly, the dispersion observed considerably
increased for BS and VC, with RMSE of 6.27 % and 6.53 % for NDVI,
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respectively; and 7.20 % and 6.95 % for SAVI, respectively.

4. Discussion

Almond tree response to different management practices has been
widely analyzed using different physiological and morphological de-
terminations capable of estimating plant water status and vegetative
growth, among other parameters (Bellvert et al., 2021; Egea et al.,
2013). Sustained irrigation regime and soil management presented clear
differences in VI values, tree dimensions and Wgen among their
respective treatments (Figs. 5-11 and 14). Specifically, the application
of SDIg (i.e., 33 % of ET,) resulted in lower VI, values and vegetative
growth (i.e., trunk perimeter and canopy diameter) and in higher water
stress (i.e., more negative Wt values) when compared to the control
treatment. However, the application of SDIy (i.e., 67 %) did not nega-
tively affect the almond orchard in terms of VI, Wstem, trunk perimeter
and canopy diameter, since in general they did not differ from what
observed in the control treatment (Tables S1-S6). In a 6-year long
experiment in southern Spain with mature almond trees, Moldero et al.
(2021) found greater differences in Wy, and CC between SDIy; (i.e., 65
% of ET,) and control treatments. Likewise, Egea et al. (2013), obtained
significant differences in Wgem and trunk perimeter between a
mild-to-moderate SDI (irrigated at 75 % of ET. during 2001-2003 and at
60 % of ET. during 2004-2006), a moderate-to-severe SDI (irrigated at
60 % of ET. during 2001-2003 and at 30 % of ET. during 2004-2006)
and control treatments in an almond orchard also in southeast Spain.
Such discrepancies in comparison to our experiment could be explained
by the longer water stress time exposure (i.e. experiment duration) and
the more mature trees used by Moldero et al. (2021) and Egea et al.
(2013).

The presence of VC in the inter-row increased the pixels VI; while
almond trees maintained the same water status under BS and VC treat-
ments (see Wstem in Figs. 6 and 7). Nevertheless, this higher canopy vigor
of BS trees in 2020 was not well captured by the VI, which showed no
differences between BS and VC. It highlights one of the main limitations
of Sentinel-2 satellite for assessing heterogeneous crops. The 10 m
spatial resolution of Sentinel-2 satellite images did not allow differen-
tiating between the almond canopy, the BS and the VC in the inter-row,
resulting in a heterogeneous pixel containing a mixture of the signals of
the different surfaces. In this sense, the use of high resolution images as
those acquired by drones or aircraft could help to better characterize the
agricultural system and thus the partitioning of latent heat flux (and
therefore, ET.) between the almond, the BS and the VC. However,
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further studies are required for a better understanding of the long-term
effects that VC could generate on soil physical, biological and chemical
properties, including soil erosion processes, soil fertility, carbon stocks
and other agricultural ecosystem services (De Leijster et al., 2020;
Martinez-Mena et al., 2021a, 2021b; Ramos et al., 2010). Even if
numerous works have been carried out in rainfed almond on this subject,
additional studies are especially necessary in irrigated almond orchards
where there are few bibliographic works on the matter.

As in other previous works carried out in woody crops (Conesa et al.,
2019; Zarco-Tejada et al., 2012) the relationship between VIg (NDVI and
SAVI) and Wgem has shown a low positive correlation between the
different treatments (results not shown). These findings highlight the
limitation of VI such as NDVI or SAVI for identifying short terms vari-
ations of plant water status, other than the stress reflected as a reduction
or lesser expansion of VC. Alternatively, the strong relationship between
canopy transpiration and surface temperature (Gonzalez-Dugo et al.,
2020) has allowed the use of other thermal indices such as the Crop
Water Stress Index (CWSI) which have shown a better relationship with
the Wgem (Bellvert et al., 2018; Conesa et al., 2019; Garcia-Tejero et al.,
2017; Gonzalez-Dugo et al., 2020).

On the contrary, NDVI and SAVI were able to capture structural
differences of the vegetation in terms of trunk perimeter and CC, both
with presence of VC in the inter-row and under conventional soil man-
agement. Specifically, the relationships between trunk perimeter and CC
versus the VIg showed strong logarithmic correlations both for BS and VC
treatments. However, CC-VI; relationships presented higher dispersions
than trunk perimeter-VIg, probably due to the artificial influence that the
pruning operations had on the canopy size (but not in trunk perimeter).
The presence of VC had a clear influence of the obtained relationships
showing a NDVI displacement of about 0.10-0.25; and a SAVI
displacement of about 0.07-0.18; for trunk perimeter and CC (Fig. 10)
depending of the tree size and VC development. The reason of these
lower differences between BS and VC in terms of SAVI when compared
to NDVI could be due to the fact that SAVI, in its formulation, already
applies a correction for the influence of soil brightness, especially in
areas where vegetative cover is low (Huete, 1988). Even so, obtaining
two different relationships (one for VC and other for BS) instead of using
a unique one considering VC and BS together, will allow a better char-
acterization of the morphological parameters from VI, reducing the
dispersion and associated errors of such determinations. Additionally,
the relationship between CC and VI; improved when considering the
moment of maximum almond growth (second half of May for every
year), coinciding also with the greatest differences in the values of NDVI
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and SAVI between BS and VC treatments (Fig. 10b, d). In this way, the
dispersion caused by differences in VC development along the irrigation
season was reduced (Fig. 10b, d and 11).

VI have been used to estimate crop coefficients using RS images for
individual and mixed crops, as well as in natural ecosystems (Bausch and
Neale, 1987; Campos et al., 2010; Choudhury et al., 1994; Duchemin
et al., 2006; Er-Raki et al., 2007; Glenn et al., 2011; Gonzalez-Dugo and
Mateos, 2008; Hunsaker et al., 2003, 2005; Mateos et al., 2013; Pocas
et al., 2015). Since the water requirements of woody crops vary
depending on tree size and the shaded area percent (Fereres et al.,
1982), tree growth measures such as CC can be used to adjust the
necessary crop coefficients to estimate ET. by improving the standard
and tabulated estimates of water requirement (Trout et al., 2008). In this
sense, numerous works have determined tree canopy geometric char-
acteristics in woody crops and forest trees through high resolution sat-
ellite images such as QuickBird (Ozdemir, 2008; Whiteside and Ahmad,
2008), WordView-2 (Chemura et al., 2015; Verma et al., 2016; Wagner
et al., 2018) or WordView-3 (Johansen et al., 2020; Rahman et al.,
2018). Another works have employed airborne or UAV images (Bellvert
et al.,, 2021; Diaz-Varela et al., 2015; Jiménez-Brenes et al., 2017;
Johansen et al., 2020; Sarron et al., 2018) and LIDAR (Arenas-Corraliza
et al., 2020; Borlaf-Mena et al., 2019; Popescu et al., 2003; Underwood
et al., 2016; Verma et al., 2016; Wang et al., 2021). In this work, the
close to 1:1 linear correlation obtained between the CC determined from
PNOA orthophotos and that obtained from field measurements (Fig. S2),
demonstrated the potential and accuracy of using high spatial resolution
imagery (as the PNOA orthophotos) for deriving CC. This methodology
presents important advantages compared to field measurements.
Manual field measurements should be carried out periodically to
represent variations in trees growth and therefore it is a time-consuming
task (Wagner et al., 2018). Additionally, field measurements are not able
to capture the irregular shapes of the trees, being CC usually estimated
assuming a circular shape (West, 2009). Conversely, the use of PNOA
orthophotos allows determining in a simple and precise way the CC.
However, the main drawback in the use of these images is their low
temporal resolution (2-3 years, depending on the area), which can be
complemented with the use of high spatial resolution satellite, aircraft or
UAV images. Thus, photointerpretation from high spatial resolution
images such as PNOA orthophotos is presented as a more suitable tool in
the analysis of the evolution of tree structures than field measurements.

5. Conclusion

The effect of different sustainable agricultural management practices
was evaluated by combining remote sensing indexes (NDVI and SAVI)
and physiological/morphological measurement (Wster; trunk perimeter
and canopy diameter). The main conclusions that can be derived from
the present study can be summarized as follows:

e The application of a severe SDI strategy (i.e. 33 % ET.) negatively
influenced VIs, Wsem and tree dimensions parameters, causing re-
ductions of 13 %, 23 %, and 14 %, respectively, in comparison to full
irrigation strategy. Moderate SDI (i.e. 67 % ET,) did not significantly
affect any of the parameters analyzed;

The presence of VC in the inter-row increased VI by 23-42 % (NDVI)
and 19-38 % (for SAVI); and reduced trunk perimeter (by 7-8 %) and
canopy diameter (by 0.34-0.37 m) when compared to BS treatment.
However, Wsem of almond trees with VC did not differ from those
under BS conditions;

e VI exhibited accurate relationships with trunk perimeter and canopy

diameter, being dependent on the soil management.
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