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e Soil and water conservation measures
(SWCM) were applied in a citrus grove.

e Organic mulching (MO) application
improved the crop water status.

¢ OM was a sustainable source to sub-
stantially conserve the soil water
content.

e Soil temperature was reduced in
mulched soils under regulated deficit
irrigation.

e Overall SWCM improved some yield
traits over the years.
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GRAPHICAL ABSTRACT

Effects of soil and water conservation measures (SWCM) on orange groves

Crop water status monitoring
[ Yield and qualitative |
- parameters assessment F

- Main outcomes:

* Organic mulching (MO) application enhanced
the crop water status;

* OM was a sustainable source to substantially
conserve the soil water content;

* Soil temperature was reduced in mulched
soils under regulated deficit irrigation;

e Overall SWCM improved some yield traits
over the years.
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ABSTRACT

The adoption of soil and water conservation measures (SWCM) is essential for improving the use of natural
resources and making the agro-systems more resilient to climate change. In this context, a three-years trial was
carried-out in an orange orchard characterized by different soil management (SM, i.e., bare and organic mulched
soils) and water regimes (WR, i.e., full irrigation, FI, and regulated deficit irrigation, RDI). In response to the
applied SWCM, crop water status (CWS), soil and yield main features were explored using multiple soil-plant-
atmosphere continuum (SPAC) monitoring approaches.

Overall average water saving of 24 % was achieved under RDI in comparison to FI. The stem water potential
revealed a year-dependent behaviour in accordance to the patterns of the main ancillary physiological indicators.
The adoption of additional plant-based measurements provided continuous information on the CWS, both in
terms of trunk water potential (TWP) and sap flow fluxes, resulting in higher absolute values of TWP (—0.93 +
0.01 MPa versus —0.83 + 0.00 MPa) and lower transpiration rates (0.64 &+ 0.00 mm d~! versus 0.88 + 0.01 mm
d’l) in mulched compared to bare soils. The soil water content showed higher rates under mulched soils than in
bare soil condition, both in FI (up to 15 %) and RDI (up to 27 %) at 0.75 m from the tree trunk to the inter-row.

E-mail address: serena.guarrera@phd.unict.it (S. Guarrera).

https://doi.org/10.1016/j.scitotenv.2024.177528

Received 6 August 2024; Received in revised form 8 October 2024; Accepted 10 November 2024

Available online 7 December 2024

0048-9697/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:serena.guarrera@phd.unict.it
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.177528
https://doi.org/10.1016/j.scitotenv.2024.177528
https://doi.org/10.1016/j.scitotenv.2024.177528
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.177528&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Vanella et al.

Science of the Total Environment 958 (2025) 177528

Soil temperature was lower in mulched soils under RDI. However, a great time-variability was observed for most
of the soil physical-chemical variables under study. Nevertheless, the application of SWCM improved the yield
over the years, resulting in higher fruit weights under mulched FI conditions.

Finally, the study suggests that the adoption of SWCM can serve as an efficient strategy to enhance soil and
yield features, highlighting the critical role of using SPAC methodological tools for monitoring the CWS at the

field level.

1. Introduction

The implementation of sustainable management approaches is
pivotal for making more efficient the use of natural resources (i.e., soil
and water) in the agricultural sector (Wallace, 2000). In this sense, a
number of sustainable agricultural strategies, based on the application
of soil and water conservation measures (SWCM), have been proposed in
literature for improving, or at least maintaining, high-standard levels of
crop productivity at low environmental costs (e.g., Deng et al., 2006;
Dimelu et al., 2013; Pineiro et al., 2020). A general overview on the
main effects related to the adoption of SWCM under different agro-
ecosystems is provided by Choden and Ghaley (2021), which empha-
sized that the effectiveness of SWCM varies significantly based on the
scale of application, the extent of the SWCM implementation, as well as
to external factors variability (such as topography, climate, land use).
Thus, case-by-case solutions need to be developed as function of the site-
specific characteristics.

Among the available SWCM, soil surface mulching is widely used in
arid and semi-arid environments, where the agricultural sustainability is
additional threatened by drought, heat waves and the inconsiderate use
of limited water resources (Abd El-Mageed et al., 2018; El-Beltagi et al.,
2022). This effective water conservation strategy refers to the use of
different cover materials of the soil surface for preventing the soil
moisture losses due to surface evaporation (e.g., Igbal et al., 2020).
According to Ngosong et al. (2019), further beneficial functions are
attributed to the use of mulching, such as the containment of weed
populations, the regulation of soil temperature, the minimal losses of
nutrients, the reduction of soil erosion and compaction, the improve-
ment of soil hydrological conditions and the promotion of biological
activity. In general, the adoption of mulching strategies determines the
establishment of a link between soil and agrometeorological variables,
which can alter the entire agroecosystem environment (Kader et al.,
2019).

The understanding of these phenomena is multifaceted, particularly
when mulching is coupled with other SWCM, e.g., deficit irrigation (DI)
criteria. Even if mulching and DI strategies have been separately applied
in numerous experiments (e.g., Consoli et al., 2014; Liu et al., 2014;
Saitta et al., 2021; Tu et al., 2021; Visconti et al., 2024), only few studies
have assessed the role of mulching under DI conditions for fruit trees.
These studies were mainly focussed on assessing the agronomic and
physiological response (e.g., Al-Qthanin et al., 2024; Berrios et al.,
2024a, 2024b), the yield, water productivity and fruit quality compo-
nents (e.g., Abdelraouf et al., 2020; Alhashimi et al., 2023) and/or the
soil water content (SWC), and heat changes (e.g., Liao et al., 2021).
However, none of them have thoroughly investigated the combined ef-
fects of organic mulching (OM) and regulated deficit irrigation (RDI) in
citrus groves.

At the light of the above-described state-of-the-art, the objective of
this study was to identify the main crop water status (CWS), soil and
yield features of orange groves subjected to SWCM under a peculiar
regional context, i.e., the Sicilian citrus farming, characterized by high-
value crop production and climate-related issues (Toreti et al., 2022).
Specifically, the main hypothesis that is behind this study was that the
combined application of SWCM, including different soil management
(SM) (bare and organic mulched soils) and water regimes (WR; full
irrigation, FI, and RDI) may improve the sustainability of these agro-
systems. This objective was pursued by exploring the potential of

using multiple soil-plant-atmosphere continuum (SPAC) monitoring ap-
proaches, as follows: (i) traditional and plant-based continuous methods
for determining the CWS, including stem water potential (SWP), trunk
water potential (TWP), sap flow fluxes and ancillary physiological in-
dicators (i.e., net photosynthesis, transpiration rate, stomatal conduc-
tance, intercellular carbon dioxide concentration, instantaneous water
use efficiency, and maximum quantum efficiency of photosystem in light
and dark); and (ii) laboratory and field measurements for characterizing
the main soil features (e.g., soil physical-chemical variables in lab, and
SWC and soil temperature in situ).

2. Materials and methods
2.1. Description of the experimental set-up

A three-year trial (June-September 2021-23) was carried out in an
experimental orange orchard, managed by the Italian Council for Agri-
cultural Research and Agricultural Economics Analyses of Acireale
(CREA-OFA), located in Eastern Sicily, (37°20'12.65” N, 14°53'33.04" E,
WGS84) (Fig. 1a). The study area was characterized by dry and hot-
summer temperate climate, with annual daily average air temperature
(Tair; °C), cumulative precipitation (mm) and reference evapotranspi-
ration (ETo; mm) of 18 °C, 573 mm, and 1261 mm, respectively, within
the period 2002-23 (data provided by an automatic agrometeorological
station, managed by Servizio Informativo Agrometeorologico Siciliano-
SIAS, located 2 km from the study site).

The orange orchard under study [Citrus sinensis (L) Osbeck] ‘Tarocco
Sciara’ C1882 on Carrizo citrange rootstock [Poncirus trifoliata (L.) Raf.
x C. sinensis (L.) Osbeck] was planted in 2010 (Consoli et al., 2014), with
a tree spacing of 4 x 6 m (Fig. 1a). Since 2021, sustainable agricultural
management strategies, based on SWCM (i.e., the use of OM in combi-
nation with DI regimes) were adopted (Guarrera et al., 2024; Longo-
Minnolo et al., 2024; Pappalardo et al., 2023) (Fig. 1b). In detail, two
different approaches were applied for the SM. The first one consisted in
the adoption of traditional practices, based on the maintenance of bare
soil, with weeds shredding in spring period. The second approach was
based on the application of OM for covering the soil surface (Fig. 1b).
The OM was made of crop residues from citrus orchard pruning and
intercrop weed residuals. The thickness of the OM layer was variable in
the three years under study, mainly as function of the pruning needs,
resulting in average (and standard error) values of 2.35 + 0.12 cm, 7.05
+ 0.34 cm and 5.79 + 0.24 cm, respectively, in 2021 (light pruning),
2022 (heavy pruning), and 2023 (moderate pruning). The OM layer was
applied every year before the beginning of the irrigation season. In
addition, the following WRs were implemented at the study site: (i) the
FI, in which the irrigation volume was applied at the potential rate (i.e.,
100 % of crop evapotranspiration, ET.); and (ii) the RDI, supplied at 50
or 100 % of ET,, depending on crop phenological stage. Note that the
application of DI strategy coincided with the II phenological phase, less
sensitive to water stress, in correspondence with fruit growth, i.e., from
the days of the year (DOYs) 202, 214 and 212 in 2021, 2022 and 2023,
respectively, until the end of each irrigation season.

From the combination of the above-described experimental factors
(i.e., SM and WR), four treatments were realized at the study site, in
three randomized two-factor blocks, resulting as in the following
(Fig. 1a): (i) a FI treatment under bare soil condition (FI-BARE); (ii) a FI
treatment under mulched soil condition (FI-MULCH); (iii) a RDI
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treatment under bare soil condition, irrigated at 100 % of ET,, except for
the II phenological stage (irrigation rate equal to 50 % of ET.) (RDI-
BARE); and (iv) a RDI treatment irrigated at 100 % of ET,, except for the
II phenological stage (irrigation rate equal to 50 % of ET.) under
mulched soil condition (RDI-MULCH). Each treatment was composed of
3 repetitions, with 12 trees each (Fig. 1a).

The main hourly agrometeorological variables, monitored during the
irrigation seasons 2021-23 by the local SIAS station, were used as inputs
for calculating the daily ET. on the basis of the FAO-56 Penman-
Monteith approach (Allen et al., 1998). The daily ET. was determined by
multiplying the daily ET, estimates by the FAO-56 crop coefficient (K,),
referring to the citrus species at the middle stage, and, then, adjusted for
the site-specific conditions (i.e., 0.7 as observed by Consoli et al., 2006;
Consoli and Papa, 2013; Saitta et al., 2021). The irrigation water re-
quirements (IWR) were calculated on a weekly basis using a localization
factor (Kj) and taking into account the occurrence of rainfall events (P),
as follows:

IWR = ET, — P*K, (€D)]

where Kj considers the performances of the drip irrigation system in
terms of emission uniformity and irrigation efficiency.

The irrigation volumes were applied three times a week during the
irrigation seasons under study, using a surface drip irrigation system
made of 12 emitters per tree, with flow rate of 4 Lh™. Further details on
the irrigation set-up are reported in Vanella et al. (2021).

2.1.1. Crop water status monitoring

The SWP was used as traditional indicator to identify the CWS during
the irrigation seasons over the three-year period. More in detail, SWP
measurements were performed, on fortnightly basis at midday, using a
portable Scholander pressure chamber (Model 3115, Soilmoisture
equipment corp., Santa Barbara, CA, USA). For each date of monitoring,
mature leaves, fully exposed to sunlight and previously wrapped with
aluminium foil (for at least 1 h before the measurements), were collected
from 24 sample trees (i.e., two sample trees per treatment in each plot,
Fig. 1a). Leaves were immediately placed into the chamber, with the leaf
stem exposed outside of the chamber trough a seal, and pressurized with
nitrogen until the water appeared at the petiole and the corresponding
tension was recorded.

Ancillary physiological indicators, including net photosynthesis (A,
pmol CO, m 2 s’l), transpiration rate (E, mmol HyO m 2 s’l), stomatal
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conductance (gs, mol m~2 s71), intercellular CO, concentration (Ci,
ppm), instantaneous water use efficiency (WUEi, pmol mol™!) were
monitored using a portable IRGA (Leaf Chamber Analyser - ADC LCA4
Bio Scientific Ltd., Rickmansworth, England). The maximum quantum
efficiency of photosystem in light and dark (PSII, expressed as the ratio
of variable (Fy) to maximum fluorescence (Fyy)) was determined using a
portable chlorophyll fluorimeter (0S30p+, Opti-Sciences Inc., Hudson,
USA), on leaves exposed to the sun illuminated with a saturation irra-
diance pulse of 3500 pmol-m~2-s~!. Then, the same leaves were dark-
adapted for 20 min and again illuminated for the measurement. All
these measurements were taken on a monthly basis within the irrigation
seasons 2021-23, on the leaves of 12 samples tree.

An expeditious indication of the CWS was obtained by using the
plant-based FloraPulse© (Davis, CA, USA) sensors for measuring the
water tension in the woody tissue of the tree trunks. In particular, six
SDI-12 microtensiometers were embedded into the woody tissues of
selected six trees (RDI-BARE and RDI-MULCH treatments, Fig. 1a) for
continuous monitoring the TWP on a semi-hourly basis. Data was
managed by a datalogger (CR1000, Campbell Scientific, USA). To assess
the capability of the FloraPulse© sensors in estimating continuously the
CWS, two leaves, from each of the six selected tree, were sampled at
diurnal time-steps and analysed with the traditional Scholander method.

In addition, semi-hourly continuously transpiration fluxes (Tsg) were
determined by using custom made sensors (Tranzflo NZ Ltd), based on
the compensation heat-pulse technique (Swanson, 1962). Specifically, a
linear heater and two temperature probes were inserted radially into the
trunks of two samples trees for treatment (Fig. 1a). Data were collected
using a CR1000 data logger (Campbell Scientific, USA) and, then, the
sap flow was estimated at the tree level according to the procedure
provided in Consoli et al. (2014) and Motisi et al. (2012). In this study,
only data from RDI-BARE and RDI-MULCH treatments were analysed
according to the FloraPulse© observations.

2.1.2. Soil features characterization

In order to analyse the potential effects of SWCM at soil level, site-
specific analyses were conducted in laboratory for determining the
main physical and chemical soil characteristics before (on March 2021)
and after (on October 2022 and 2023) the application of the OM. Spe-
cifically, 12 soil samples (i.e., disturbed and undisturbed) were collected
at a 0-30 cm depth and 1 m far from the centre of the tree rows, towards
the inter-rows, at the treatments under study (Fig. 1b). Note that in the

Treatments:

I~ — — o FI-BARE

I- - -« FI-MULCH
RDI-BARE
RDI-MULCH
Sample trees

SPAC sensors:

O Soil water and soil temperature probes
A sap flow sensors

FloraPulse© sensors

4—| Continuous SPAC flux monitoring i

0]

Pre-mulching:
soil parameters
assessment

Crop water status monitoring

Yield and qualitative
parameters assessment
| v | v v

| 2021 2022 2023
f
Post-mulching soil
parameters assessment
| ]
1% organic mulching (OM) 2" additional OM 34 additional OM

application dose

application dose

v

Fig. 1. (a) Overview of the study site, including the layout of the treatments, the location of the samples trees and the point-based sensor measurements; and (b) the
chronology of the experimental activity conducted at the site during the reference period (2021—23).
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two-year period 2021-22, soil sampling was carried out after a rainy
period. Differently, in 2023, it was carried out in a drier period, even if at
the end of the irrigation season. The selection of the depth for soil
sampling depended on the maximum observed root biomass coloniza-
tion, under zero tillage conditions (Guarrera et al., 2024). The analysed
parameters included the main soil physical-chemical variables
commonly used for agronomic characterization purposes, as: pH (-),
electrical conductivity (CE; mS cm™ ), total nitrogen (Ni; mg kg d.
rn.’l), nitrates (NO3; mg kg’1 d.m.), total potassium (Kor; mg kg d.
m.’l), potassium ion (K™; mg kg’1 d.m.), calcium (Ca; mg kg d.m.’l),
magnesium (Mg; mg kg d.m.™), phosphate (PO3~; mg kg d.m.™}), so-
dium (Na; mg kg’1 d.m.), total carbon (Ci, % d.m.), total organic
carbon (TOC; %), soil organic matter (SOM, %), microbial biomass
carbon (CMIC, ppm), and ratio CMIC/TOC (%).

SWC and soil temperature were continuously monitored, at the
different treatments, through the use of TEROS-12 sensors (Meter
Group, Washington-USA). A set of 8 sensors were installed at a depth of
0-30 cm, at two distances from the tree trunks (i.e., 0.35 m and 0.75 m,
respectively), in correspondence of selected trees in each treatment
(Fig. 1a). Semi-hourly data were acquired using a CR1000 datalogger
(Campbell Scientific, USA) and, then, aggregated at the daily scale.

2.1.3. Yield and fruit quality traits

Yield and fruit quality characteristics were analysed at the CREA-
OFA laboratory during the 2022-24 harvest periods (referring to the
irrigation seasons 2021-23). The number of fruits and their average
weight, including the skin weight and the percentage (%) of juice, were
determined on fruits collected at each sample tree, for a total number of
24 trees (Fig. 1a). The equatorial sections (mm) were measured through
a caliber. A number of 10 fruits per tree were selected (2 trees per
treatment and replica, for a total number of 24 trees and 60 samples per
treatment) for determining the main fruit quality variables, as follows:
sugars, acidity, anthocyanin and polyphenol contents.

2.2. Statistical analysis

Multiple multivariate analyses of variance (MANOVAs) have been
carried out on CWS, soil and yield variables using the Statistix software
(v.9.0, Analytical Software 2105 Miller Landing Rd Tallahassee, FL
32312). The applied MANOVAs approach allowed us to identify signif-
icant differences among the factors under study at different level, i.e., in
the long-term among the overall measurements conducted in the same
year/irrigation season; in the medium-term among the measurements
conducted in different DOYs within a single irrigation season; and in
short-term with respect to a single DOY.

In particular, differences in terms of CWS were assessed on the SWP
and ancillary physiological indicators, considering as factors: (i) the
year or DOY (for each irrigation season), (ii) the WR, and (iii) the SM.
The interactions among these factors were determined as well as the
difference among the WR and SM at the DOY level. In addition, the
relationship between SWP and TWP was evaluated using a linear
regression model, based on the coefficient of determination (R?). Linear
correlations were also carried out between the ancillary physiological
indicators and the SWP.

A three-way MANOVA was performed on the physical-chemical soil
data for identifying the differences among the considered factors (i.e.,
SM and WR), during the years under study (2021-23). To evaluate the
effects on the main yield and fruit quality characteristics, a three-way
MANOVA was conducted including as factors: (i) the SM (bare versus
mulched soils), (ii)) the WR (FI versus RDI); and (iii) the different
reference years (2022-24).

For all the above-mentioned MANOVAs, the obtained significant
differences were separated through the Tukey’s honest significant dif-
ference (HSD) test with the 95 % of confidence level (p-value <0.05).
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3. Results
3.1. Agrometeorological and irrigation features

The temporal daily evolution of the ETy and ET, rates during the
period 2021-23 is illustrated in Fig. 2a, together with the observed daily
rainfall amounts and the applied irrigation heights. Daily solar radiation
(Sr), vapour pressure deficit (VPD) and T,y (minimum, average and
maximum values) are also given in Fig. 2b-c.

The patterns of the main agrometeorological observations in Fig. 2a-
c are typical of the Mediterranean climate conditions, with maximum
daily Sr and Ty, values (i.e., maximum evaporative demand, ETy) during
the summer seasons, when less water resources are available for the
irrigation practice.

Within the irrigation seasons 2021-23 (June-September), the daily
average (+ standard deviation) ET value was 5.6 + 0.2 mm d’l, with a
cumulative amount of 683 mm. In the same irrigation seasons, the cu-
mulative average ET. and rainfall values were of 334 mm and 61 mm,
respectively. The irrigation heights applied at the FI and RDI treatments
are given in Table 1, together with the water savings (in %) obtained.
Overall, an average water saving of 24 % was obtained under RDI in
comparison to the FI conditions.

3.2. Crop water status response

3.2.1. Stem water potential, trunk water potential and transpiration fluxes

Fig. 3 shows the patterns of the average (and standard error) SWP
values measured during the irrigation seasons 2021-23 at the treat-
ments under study, resulting in a delayed CWS effect linked to the period
of irrigation volume reduction (i.e., 50 % of ET.) and the agro-
meteorological conditions (i.e., rain events).

The results of the MANOVAs carried out to evaluate the effects of SM
and WR practices, year and/or DOY, on the SWP values are showed in
Table 2. These results are reported for both the overall monitoring
period (2021-23) and at the level of irrigation seasons.

For the overall monitoring period (2021-23), the SWP values
showed the highest negative values in 2021 (—1.82 + 0.03 MPa) and
2023 (—1.78 £+ 0.02 MPa) in comparison to 2022 (1.62 + 0.02 MPa).
Overall, the SWP values were affected by the applied WR and the
interaction between the year and the WR, resulting in more negative
values under RDI conditions (—1.75 + 0.02 MPa) compared to FI (—1.71
+ 0.02 MPa), with minimum values in 2021 under the RDI regime
(—1.91 £+ 0.04 MPa).

At the irrigation season level, in 2021, differences in SWP distribu-
tion were obtained as function of WR, with more negative values under
RDI (—1.91 + 0.04 MPa) in comparison to FI (—1.73 + 0.03 MPa), and
the different DOYs according to the atmospheric demand (Fig. 2). In
2022, differences in SWP were recorded as function of SM and DOYs,
with more negative values under bare soils (—1.63 + 0.02 MPa)
compared to mulched soils (—1.60 + 0.02 MPa). Similar difference in
terms of DOYs were retrieved also in 2023, in relation to the interaction
between SM and WR, showing more negative values under RDI-MULCH
and FI-BARE treatments (—1.82 4+ 0.03 MPa).

According to SWP values measured by the Scholander method,
similar trends of TWP values were continuously obtained by the Flor-
aPulse© sensors under RDI conditions (Fig. 4a), resulting in average
hourly values of —0.83 + 0.00 MPa and —0.93 + 0.01 MPa under bare
and mulched soils, respectively. The comparison between the two
different methods for estimating the CWS showed more negative values
for SWP than for TWP, resulting in a coefficient of determination and
root mean square error of 0.77 and 0.9 MPa, respectively (Fig. 4b).

The temporal trend of the T fluxes is reported in Fig. 4c, showing
higher rates under bare conditions (0.02 + 0.00 mm h™1) than under
mulched soils (0.01 4= 0.00 mm h_l) in RDI. The daily average Tsr fluxes
observed under bare and mulched soils in RDI were of 0.88 + 0.01 mm
d~! and 0.64 + 0.00 mm d~?, respectively.
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Fig. 2. Temporal daily agrometeorological parameters observed during 2021-23: (a) evapotranspiration rates (ET and ET fluxes), rainfall regime and irrigation
heights; (b) solar radiation (Sr) and vapour pressure deficit (VPD); and (c) air temperature, Ty;, (minimum, average and maximum values).

Table 1

Irrigation heights (mm) and water savings (%) reached during the three-year
trial (FI and RDI refer to full irrigation and regulated deficit irrigation,
respectively).

Irrigation season Water Irrigation height Water saving
(June-September) regime (mm) (%)*
2021 FI 292 26
RDI 216
2022 FI 296 19
RDI 239
2023 FI 319 26
RDI 237

@ Water saving (%) was defined for each irrigation season (June-September)
as [1 — (irrigation in RDI/irrigation in FI)] x 100.

3.2.2. Ancillary physiological indicators

The temporal dynamics of the ancillary physiological indicators (i.e.,
A, gs, Ci, WUEI, PSII in light and dark, and E) observed during the
irrigation seasons 2021-23, are showed in Figs. 5-6.

The results of the MANOVAs, used to evaluate the effects over time of
SM and WR practices on the same ancillary physiological indicators, are
reported in the following Figs. 7-9.

At the physiological level, no significant differences were obtained
for A over the three-years period. Conversely, differences were found for
A at the DOYs level, where a common increasing trend was found with a
peak on September (7.02 & 0.74 pmol CO, m~2), corresponding to the
end of the irrigation season (Fig. 8a-b), characterized by lower stress
conditions during the growing period. Influences related to WR were
found for the same physiological indicator in the years 2021-22, with
higher A values under FI (4.73 + 0.87 pmol COy m~2) and RDI (4.86 +
1.21 pmol COy m’z) (Fig. 9 a, b). In 2022, interactions were also
observed between A, WR and the DOYs, with higher A values recorded
under RDI on DOY 257 (Fig. 10a). A triple interaction among A and the
WR, DOYs and SM factors was found (Fig. 10b), demonstrating that,
even with the same SM, crop growth was more favourable under RDI
conditions (10.22 + 0.47 pmol CO4 m’z).

Significant differences were retrieved for gs in the overall monitored
period, with higher values in the 2021-22 compared to 2023 (Fig. 7a).
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Table 2

Effects of soil management (SM, bare versus mulched soil) and water regime (WR, full versus regulated deficit irrigation) on the stem water potential (SWP) for the
overall monitoring period (2021-23) and at the irrigation season level. The asterisks refer to the significant differences among the factors (for p-value <0.05). Degrees

of freedom (DF) and F-values (F) are also reported in the Table.

Factor SWP 2021-23 Factor SWP 2021 SWP 2022 SWP 2023

DF F p DF p DF F p DF F p
YEAR 2 42.88 0.00* DOY 8 36.05 0.00* 12 29.97 0.00* 9 44.56 0.00*
SM 1 0.10 0.75 SM 1 0.30 0.58 1 5.16 0.02* 1 2.15 0.14
WR 1 4.88 0.03* WR 1 29.87 0.00* 1 0.00 0.98 1 1.59 0.21
YEAR*SM 2 1.03 0.36 DOY*SM 8 0.08 0.99 12 1.15 0.32 9 0.85 0.58
YEAR*WR 2 4.33 0.01% DOY*WR 8 1.53 0.15 12 0.78 0.67 9 1.26 0.26
SM*WR 1 1.66 0.20 SM*WR 1 1.58 0.21 1 1.17 0.28 1 6.03 0.02*
YEAR*SM*WR 2 1.65 0.19 DOY*SM*WR 8 0.92 0.50 12 0.19 0.38 9 1.20 0.37
TOTAL 647 TOTAL 151 215 191

Differences for gs were also obtained at the DOYs level (Fig. 8d-f),
showing an increasing trend in all the monitored years. Influences of gs
related to WR were found in 2021 and 2023, in which the same condi-
tion was maintained with higher gs values in FI (0.07 + 0.02 mol m™2
s 'and 0.03 =+ 0.00 mol m 2 s’l, respectively) (Fig. 9c-d). In 2022, the
interaction between gs and the three factors (DOYs, the SM and WR) is
illustrated in Fig. 10c, indicating a positive effect linked to the appli-
cation of OM under RDI, with higher values compared to the bare con-
dition (0.07 + 0.03 mol m 2 s and 0.06 + 0.02 mol m 2 s’l,
respectively).

According to gs, differences were also found for Ci over the three-
years period, resulting in a decreasing trend (Fig. 7b). Significant dif-
ferences were found for Ci as function of DOYs in 2022-23, with greater
interaction in 2022 (Fig. 8r, s). Significant differences were obtained at
DOYs level for E during 2021-22, resulting in a decreasing trend over
the course of the seasons (Fig. 8p-q). For the same indicator, an inter-
action between E and WR was detected in 2021 and 2023, showing
higher rates in FI compared to RDI (Fig. Sh-i), with average values of
2.52 4 0.2 mmol H,0 m ™2 s™'and 2.34 + 0.2 mmol HyO m~2s™* for FI
and RDI, respectively, in 2021 and of 2.17 + 0.33 mmol H20 m?s!
and 2.19 + 0.3 mmol HyO m~2 s~ for FI and RDI, respectively, in 2023.

The WUEi did not show significant differences in the three monitored
years, although dissimilar values were observed among the DOYs in the
different years (Fig. 8g-i). Overall, there was an increasing trend in

WUEi throughout the irrigation seasons, similar to the trends observed
for the other physiological indicators, with a peak in September (3.59 +
0.37 pmol mol 1). Significant differences of WUEi related to WR and SM
were found in 2022 as function of DOYs (Fig. 11). Specifically, higher
WUEi values resulted in RDI on DOY 257 (Fig. 11a, 4.57 £ 3.23 pmol
mol ™), while for SM, higher values were retrieved on September for
both the soil conditions (Fig. 11b, 3.76 + 1.88 pmol mol ™).

The PSII in light and in dark showed significant differences over the
three years with a decrease in 2022 and the re-establishment of the
initial condition in 2023 (Fig. 7c-d, respectively). For both the PSII light
and dark parameters, there was the same trend at DOYs level over the
investigated years (Fig. 8j-1 and m-o, respectively). In 2021, an inter-
action with WR was found in PSII light and dark, with greater efficiency
under RDI (Fig. 9-f-g, 0.59 + 0.02 and 0.70 + 0.02 under RDI and FI,
respectively). In 2022, an interaction was retrieved in PSII light and dark
for the SM factor, showing higher values in bare soil (Fig. 12a-b, 0.52 +
0.03 and 0.63 + 0.01 under mulched and bare soils, respectively). For
PSII light, in 2022 a relationship between the SM and DOYs factors was
obtained, showing higher values for the same SM over the course of the
irrigation season and at the end of the season (Fig. 12c, 0.63 + 0.02 and
0.61 + 0.00, for bare and mulched soils, respectively). In the case of PSII
dark, significant differences occurred in the three-years period for WR
factor in which the decrease in 2022 is highlighted for both FI and RDI
conditions (Fig. 12d). In 2023, for the PSII dark, the interaction between
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Fig. 4. (a) Temporal evolution of the crop water status measured by FloraPulse© sensors (TWP) and Scholander methods (SWP); (b) comparison between SWP and
TWP values, (c) temporal dynamics of the transpiration fluxes (Tsp), and (d) hourly average of Tsr fluxes observed in the reference period (June-September 2023)

under bare and mulched soils.

the three analysed factors occurred. Specifically, a stress condition was
evident near the DOY 192 for all the treatments, with lowest values in
the RDI-BARE conditions (0.45 4 0.10), unlike the other DOYs, where a
stable condition was observed for all the treatments (Fig. 12d).

3.3. Soil features characterization

3.3.1. Soil physical-chemical main features

Tables 3 reports the results of the MANOVAs carried out to assess the
effects over time of SM and WR practices on the main chemical and
physical soil properties.

A significant variability for most of the soil features (i.e., 66 %) was
linked to the time factor (years) (Fig. 13). In particular, four types of
trends were recognized: (i) an increasing pattern for EC (Fig. 13a), Mg
(Fig. 13c), K+ (Fig. 13f), Na (Fig. 13g), NO3_ (Fig. 131i); (ii) a bell-shaped
behaviour with a peak in 2022 for Ko (Fig. 13b), Cior (Fig. 13h), Corg
(Fig. 13j) and pH (Fig. 13Kk); (iii) a decreasing trend for Ny (Fig. 13e);
and (iv) a parabolic decreasing trend in 2022 for Ca (Fig. 13d). A key
factor was WR, for which significant differences were found for Na, Ciot
and K* (Fig. 14a, b, and c, respectively). In this case, a common trend
occurred, characterized by higher values in RDI (948.95 + 89.28 mg Kg
d.m.7}, 1.30 + 0.24 % d.m, 36.88 + 3.61 mg Kg d.m.! for Na, Co; and
K*, respectively) compared to FI (735.08 + 58.37 mg Kg d.m.™%; 1.43 +
0.06 % d.m.”%; 48.59 + 23.70 mg Kg d.m.”! for Na, Cyr and KT,
respectively). Significant differences linked to WR and SM factors were
obtained for Mg (Fig. 15b), resulting in higher values under RDI-MULCH
(2861.23 - 267.34 mg kg d.m.™ ) in comparison to FI-BARE (2581.09 +
312.82 mg kg d.m.”!); while, weak interactions were obtained for Ca
(Fig. 15a) and pH (Fig. 15c¢). For pH, a further interaction was observed
between WR and years (Fig. 16a), in which the different WRs presented
the same trends with a peak in 2022 (8.24 + 0.05 and 8.31 + 0.04, for
RDI and FI, respectively); whereas, lower pH values were observed in

2021 (7.60 + 0.06 and 7.61 + 0.05, for RDI and FI, respectively).
Finally, a significant difference linked to SM was found for Na in the
three monitored years, with higher values in mulched soils compared to
the bare condition (946.73 89.54 and 737.30 58.43 mg Kg d.m !,
respectively) (Fig. 16b).

3.3.2. Soil water content and soil temperature dynamics

The daily SWC and soil temperature patterns for FI and RDI treat-
ments under mulched and bare soil conditions, referring to the 0.35 m
and 0.75 m tree trunk distances, are represented in Fig. 17 for the period
2022-23, together with the daily rain and irrigation amounts.

Overall, the SWC trends followed the rain and irrigation dynamics,
showing a peculiar behaviour at the treatment level as function of the
distance from the tree trunk (Fig. 17a-b). Specifically, at the 0.35 m
distance (Fig. 17a), the FI treatments were characterized by similar SWC
conditions, with average (and standard error) values of 0.40 + 0.00 m3
m 2 and 0.41 + 0.00 m® m~2 for FI-MULCH and FI-BARE, respectively.
Similar SWC trends, but with less magnitude, were detected at the RDI
treatments, with values ranging from 0.28 + 0.00 m® m™ to 0.29 +
0.00 m® m~3, for RDI-BARE and RDI-MULCH, respectively (Fig. 17a-b).
In the same period, at the 0.75 m distance (Fig. 17b), the SWC showed
always higher values under mulched soils compared to bare soil con-
dition both under FI (up to 15 %) and RDI (up to 27 %).

Specific patterns of soil temperature were observed at a distance of
0.35 m and 0.75 m from the trunk, respectively (Fig. 17c-d). In partic-
ular, the FI treatments had an almost identical behaviour under bare and
mulched soil at 0.35 m (18.54 £+ 0.21 °C) and 0.75 m (19.06 + 0.22 °C)
distances, while for the RDI conditions, slight soil temperature re-
ductions (up to 5-6 %) were noted on the mulched soils (18.45 + 0.20
°Cand 18.80 =+ 0.21 °C a distance of 0.35 m and 0.75 m from the trunk,
respectively) in comparison to the bare soils (19.30 & 0.22 °C and 19.91
+ 0.25 °C a distance of 0.35 m and 0.75 m from the trunk, respectively).
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Fig. 5. Average trends of (a-c) net photosynthesis (A, pmol COy m~2s!) and the maximum quantum efficiency of photosystem (PSII) in (d-f) light and (g-i) dark
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day-of-the-year level for the factors under study according to the Tukey test for p-value <0.05.

Note that higher soil temperature values were reached under bare soil
conditions at 0.75 m far from the tree trunk both for FI (28.70 °C) and
RDI (30.80 °C), in comparison to the mulched soils (with values of 28.01
°C and 27.40 °C for FI and RDI, respectively).

3.4. Yield and fruit quality traits

Table 4 reports the results of the MANOVAs elaborated for evalu-
ating the effects over time of SM and WR practices on the main yield and
fruit quality features, such as fruit weight, number of fruits, % of juice,
estimated yield, equatorial size, pH, acidity, sugars, anthocyanins and
polyphenols.

Fig. 18 shows the significant trends and the interactions obtained for
yield and fruit quality as function of the factors under study (Table 4).

Some yield and fruit quality traits (i.e., fruit weight, % of juice,
acidity and anthocyanin content) showed a greater variability linked to
the time factor (years) (Fig. 18a-d). In particular, there was an increase
in fruit weight in 2023 (297 + 5.58 g), which was maintained in 2024
(285.81 + 11.60 g) (Fig. 18a). This effect was not associated to the
decrease in the % of juice observed from 2022 to 2023, which showed
lower values in 2023 (36.88 + 2.26 %). However, the % of juice
recovered a similar condition to 2022 (44.26 + 1.87 g) in 2024 (43.08 +
1.10 %) (Fig. 18b). The highest acidity was found in 2023 (Fig. 18c),
while the anthocyanin content increased over the three-year period with
a peak in 2024 (16.69 + 1.29 mg/L, Fig. 18d). Ad hoc statistical in-
teractions were found for fruit weight, sugars, and polyphenols
(Fig. 18e-g). In particular, the fruit weight showed a triple interaction
with the factors SM, WR and years (Fig. 18e). Higher fruit weights were

found in 2024 under FI-MULCH and RDI condition (325.28 + 3.91 g and
202.81 + 7.97 g, respectively). Significant interaction was obtained
between the sugar content and the WR, with higher values in RDI than FI
regime (10.99 + 0.13°Brix and 10.61 + 0.11°Brix, respectively,
Fig. 18f). Polyphenols showed weak interactions related to WR and SM,
as given in Fig. 18g.

4. Discussion

The innovative aspect of this study was to investigate the coupling
response of OM application under different WR in a peculiar regional
context, i.e., citrus farming in Sicily, that has an annual estimated pro-
duction over 1 million tons (data source from https://www.istat.it/).
The high economic relevance of the citrus production is certain impor-
tant under this regional context that is facing with severe problems and
crop damages, due to water scarcity and future climate change sce-
narios, i.e., persistent lack of precipitation and increased T, (Toreti
et al., 2022). Thus, investing in SWCM is crucial to mitigate these
climate-related impacts on the local agricultural sector as well as it is
important to transfer consolidated knowledge on innovative farming
management to farmers for achieving economic and environmental
improvements. In particular, the effects of the proposed SWCM were
assessed on multiple traits, namely, CWS, soil and yield characteristics.

Among the general results of the study, with reference to WR, during
the 2021-23 irrigation seasons an average water saving of 24 % was
achieved in RDI treatments compared to FI conditions. In particular, the
effects inherent to the adoption of different WRs have already been
evaluated by these authors (e.g., Consoli et al., 2014; Puglisi et al.,
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accordance with the Tukey test for p-value <0.05.

2019), converging on the fact that the orange trees under Mediterranean
conditions developed an adaptive response to long-term water deficit
conditions (Saitta et al., 2021; Vanella et al., 2021).

Herein, significant differences in terms of SWP were confirmed in the
DI period (i.e., 50 % of ET.), showing a delayed CWS effect also linked to
the agrometeorological variability observed across the different years (i.
e., rain events, Fig. 3). More in detail, SWP values were affected by the
applied WR and the interaction between the year and the WR, resulting
in more negative values under the RDI conditions compared to FI, with

10

minimum values in 2021 (i.e., characterized by the lowest mulching
thickness dose, Pappalardo et al., 2023). However, the use of OM factor
produced multiple effects on the soil-plant system. Specifically, the trees
supplied under mulching conditions showed a better water status in
2022, with more positive SWP values in comparison to trees under bare
soils. This finding is in accordance with Berrios et al. (2024a, 2024b),
which observed that the combined adoption of mulching and irrigation
significantly reduced the effect of RDI. In 2023, the interaction between
SM and WR showed more stressed conditions under RDI-MULCH and FI-
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BARE, indicating an improved capacity of the trees in using the available
water.

Although SWP is recognized as a standard indicator of CWS, this
study evaluated the implementation of multiple plant-based measures
and ancillary physiological indicators. Specifically, the use of sap-flow
sensors has permitted to retrieve continuous information about the
CWS (Fig. 4), showing lower transpiration rates under mulched soil than
in bare soil in RDI conditions (0.64 = 0.00 mm d~! versus 0.88 = 0.01
mm d7Y). In addition, the capability of the automatic sensors Flor-
aPulse© was appraised in comparison to the adoption of the traditional
Scholander-based method for continuously providing information on
the plant water relationships (Blanco and Kalcsits, 2021).

A moderate discrepancy between SWP and TWP was obtained
mainly due to the different point of the tree where the measurement was
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performed, i.e. the leaf and the trunk, respectively, for the Scholander
method and microtensiometers (Gonzalez Nieto et al., 2023; Lakso et al.,
2022; Pagay, 2022). The R? value obtained from the linear regression
between SWP and TWP (i.e., 0.77) indicates a reasonable relationship
compared to the weak relationship reported by Pagay (2022) (i.e., 0.45).
However, additional data are needed to corroborate these findings.
With reference to the trend of the main physiological indicators of
ancillary type, lower values were observed in the hottest summer
months of the years studied (Figs. 5-6). The year-to-year variability can
be explained by the role that canopy pruning (which determined the
thickness of the OM each year) and the high T,;; played in the study site,
since these conditions have a significant impact on the metabolism of
trees and their biological rhythm (Guo et al., 2006; Machado et al.,
2005; Ribeiro et al., 2004, 2009). In particular, Li et al. (2021)
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demonstrated that moderate-heavy canopy pruning can significantly
reduce transpiration, increase WUEi (Ma et al., 2019), and induce a
sharp decline in photosynthesis until stomata closure (Pérez-Pérez et al.,
2007). Note that in our study, the most stressed year in terms of SWP was
2021, characterized by light pruning. The least stressed year was 2022,
in which heavy pruning was applied, followed by 2023, in which
moderate pruning was applied. Therefore, the observed changes for A,
gs, Ci and WUEi suggest that these variables are interdependent
(Figs. 6-7). Specifically, the A showed similar increasing patterns among
years. Interactions of A with WR appeared relevant in 2021-22 although
opposite, as higher values were found in FI and RDI, respectively. This
effect may be explained by an adaptation of trees to stress conditions due
to external factors, such as seasonal trends and canopy pruning. In this
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perspective, a role can be ascribed to the OM, which contributed to
improve the adaptation of trees to water deficit (Li et al., 2018). Similar
to A, an increasing trend was observed for gs at the end of the irrigation
seasons. Abad et al. (2019) demonstrated that, in late summer, emerging
lateral shoots can compensate for the reduction in total leaf area, due to
the canopy pruning, thus increasing gs and A in line with our evidences.
In this study, the WUEIi did not show significant differences during the
three years, thus, this supposes a constant water use efficiency by the
trees, even if A increased significantly in some years. In accordance with
Liao et al. (2021), these plant mechanisms led to improved yield fea-
tures, suggesting that OM could serve as an additional practice to irri-
gation for controlling the crop response (Wang et al., 2015). Generally,
due to heat stress, citrus trees tend to show a decrease in Ci (Ribeiro
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et al,, 2004; Hu et al., 2007). According with this statement, the
observed decrease in Ci corroborates the gs trends, as low values indi-
cate stomatal closure and, therefore, a stress condition. The E exhibited a
common trend in the three-years, specifically in 2021 and 2023. An
interaction was found for E as function of WR, resulting in a better water
status under FI, than in RDI conditions. In agreement with Ribeiro et al.
(2009), despite the observed lower gs values, higher E values were
observed during the irrigation seasons. These patterns may be linked to
different changes occurred at leaf level regulation and in shoot water
status (Nobel, 1999), as suggested by the observed SWP values. How-
ever, weak correlations were found among the main ancillary physio-
logical indicators under study and SWP. The PSII in light and in dark
showed the same trends of SM, with higher values in bare than in
mulched soils. Under light conditions, an interaction was observed in
2022 between SM and DOYs. In dark conditions, interactions related to
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years and WR occurred, with minimum values in 2022 for both FI and
RDI; while, in 2023, an interaction was found among the three factors
under study. This interaction showed homogeneous conditions among
the treatments, except for the lower PSII in dark observed in RDI BARE
on DOY 192. Thus, its means that the OM can contribute to mitigate the
stress conditions and to avoid damage at the PSII level (Flexas et al.,
2004). This observation agreed with Abd El-Mageed et al. (2016), as
they showed that mulch application attenuated the negative effects of DI
on chlorophyll fluorescence, resulting in similar values to FI regime.
Referring to soil features, several studies have appraised the influ-
ence of mulching on the soil physical-chemical characteristics (e.g.,
Tadayon and Hosseini, 2020; Thakur and Kumar, 2021; Van Dung et al.,
2022). Some of these studies have evidenced improvements in nutrients
availability, soil porosity and SOM under mulching conditions, and,
therefore, an overall improved WUE (Igbal et al., 2020; Thakur and



Table 3

Physical and chemical soil properties (average and standard error values) for the different factors under study. WR and SM refer to water regime (full versus regulated deficit irrigation) and soil

management (bare versus mulched soil), respectively. Asterisks indicate significant differences for the factors under study and their interactions at p-value <0.05.

‘ID 32 DPUDA "q

14"

YEAR WR SM pH EC Niot NOs- Ktot K* Ca
- mS cm™! % d.m. mg Kgdm."! mgkg dm."! mg Kgdm."! mgkg d.m."!
FI BARE 7.61+£0.11 191.50+13.61 0.17+£0.10 29.04 +6.07 183543+ 164.44 36.45+6.75 10419.70 £ 530.52
2021 FI MULCH 7.61+0.02 200.33+21.74 0.18+0.10 47.51+12.23 2100.47 £209.80 42.49 +6.06 12027.55 £ 567.65
RDI BARE 7.70 £0.05 263.33+£33.27 0.15+£0.09 106.10+41.99 1773.61 £217.21  40.00 + 8.23 11183.62 +536.27
RDI MULCH 7.49+0.04 178.67+21.99 0.16+£0.09 31.13+7.53 3575.43 £ 1546.24 32.29 +£6.88 9939.81 +1301.71
FI BARE 8.27+0.07 221.90+20.17 0.12+0.07 100.07 £40.47 6749.59 £498.95 31.77+6.40 9343.57 +£278.28
2022 FI MULCH 8.35+0.04 225.33+6098 0.12+0.07 83.95+13.48 6926.47 +£475.15 33.82+1.63 9675.68 +£247.77
RDI BARE 8.27+0.02 258.00+26.54 0.11+0.06 87.20+25.23 6246.70 £ 514.56 3298 £4.86 9598.28 + 430.74
RDI MULCH 8.20£0.10 209.03+8.05 0.11 £0.07 50.62 +6.67 6186.33 £890.65 23.77+5.39 8959.39 + 125.42
FI BARE 7.73+£0.12 519.00+£99.46 0.10+0.06 248.63+114.62 1981.17+518.23 81.91+19.98 11237.51+316.69
2023 FI MULCH 7.77+0.06 651.00+123.25 0.07+0.04 95.44 +£54.62 1527.01 £399.98  65.09 +£5.69 11133.43 + 628.16
RDI BARE 799 +£0.04 454.00+35.00 0.07+0.04 113.90+67.15 1568.36 £315.46 57.63 £10.78 10866.39 + 1084.62
RDI MULCH 7.87+0.03 464.00+59.18 0.08+0.04 163.14+90.90 1338.15+375.14 34.63+7.25 10912.03 £ 604.39
Factors
WR *
SM
YEAR*WR *
YEAR*SM
WR*SM * *
YEAR*WR*SM
YEAR WR SM Mg PO+ Na Crot TOC SOM CMIC CMIC/TOC
mg kg d.m.”! mgKgdm.! mgKgdm.'! % d.m. % % ppm %
FI BARE 1598.66 £229.84 12.50+7.21 535.70+113.27 1.34+0.08 1.45+0.11 250+1.44 172.58+34.61 1.16+0.67
2021 FI MULCH 1659.95+91.84 298+2.09 602.53 +77.50 148+0.12 1.41=+0.09 243+1.41 168.07+20.88 1.22+0.70
RDI BARE 1389.30 £ 50.67 7.79 £4.31 719.95 + 185.61 1.33+£0.06 1.58+0.06 272+1.57 141.20+6.55 0.91+0.52
RDI MULCH 2080.13 +23096 10.66+1.06 1138.83+326.32 123+0.04 143+0.06 246 +1.42 172.59+2825 123+0.71
FI BARE 2999.41 £296.68 14.09+0.97 619.11 +90.89 1.66+0.11 1.32+0.10 2.28+1.32 132.15+21.04 1.04+0.60
2022 FI MULCH 2620.26 £104.23 11.79+4.55 728.07 £56.04 1.62+0.16 1.44+0.03 248 +1.43 153.62+7.42 1.07 £0.62
RDI BARE 2572.60 £238.63 10.24+1.25 763.73+11536 1.61+0.16 1.55+0.01 2.67+1.54 144.04+38.88 0.93+0.54
RDI MULCH 2940.47 +£290.56 16.34+8.73 710.79+161.38 136+0.20 1.29+0.03 223+1.29 144.20+38.87 1.11+0.64
FI BARE 3145.19 £551.61 15.79+5.49 781.76 +79.79 1.39+0.07 1.58+0.10 273 +£1.58 15749+ 13.58 1.00+£0.58
2023 FI MULCH 2904.80+195.85 9.38+5.44 114330+ 131.55 1.11+£0.10 1.56=+0.15 2.69+1.55 136.31+11.10 0.90+0.52
RDI BARE 2405.88 £236.78 12.12+2.04 1003.56 +£186.20 1.18+0.04 1.53+0.12 2.64+1.53 14476 £19.62 097 £0.56
RDI MULCH 3563.10+40691 10.01+5.13 1356.85+130.70 1.10+0.08 1.46 £0.05 251+1.45 146.15+3.38 1.00+0.58
Factors
YEAR * * *
WR * *
SM *
YEAR*WR
YEAR*SM
WR*SM *
YEAR*WR*SM

8ZSLL1 (520T) 856 UdUWLONAUT [DIO], 33 JO 20UIIS
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Fig. 13. Significant trends over the three-year period of (a) electrical conductivity (EC, mS cm’l), (b) total potassium (Ko, mg kg d.m.’l), (c) magnesium (Mg, mg
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carbon (Cior, % d.m.), (i) nitrates (NO_3, mg kg-1 d.m.), (j) total organic carbon (Cor, ppm), (k) pH (—). Different letters indicate the significant differences in

accordance with the Tukey test for p-value <0.05.
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Fig. 14. Interactions linked to WR (water management) in the three-years period for (a) sodium (Na, mg kg d.m™1), (b) total carbon (Cyor, % d.m.) and (c) potassium
ion (K+, mg kg d.m.~1). FI and RDI refer to full irrigation and regulated deficit irrigation. Different letters show significant differences in accordance with Tukey test

for p-value <0.05.

Kumar, 2021). The behaviour of soil physical-chemical characteristics at
the study site was multifaceted, since different aspects have contributed
on the response of the soil system (e.g. physical, chemical and biological
characteristics), which is also influenced by cultivation practices and
agrometeorological conditions. As suggested by Berrios et al. (2024a,
2024b), mulching cannot be considered a stand-alone measure, but part
of an agricultural management system. Thus, additional effects on soil
physical-chemical and microbial properties may be considered for the
effective application of SWCM. Thus, the annual fluctuations observed
in soil parameters were the result of complex interactions, that occurred
in the investigated soil layer (0-30 cm), due the application of SWCM,
the soil biological activity, fertilization and atmospheric conditions. As

example, among the traditional cultivation practices, an important in-
fluence was determined by the fertilization operations, which may
favour specific assimilation mechanisms by the trees. In particular,
fertilizations (based on NPK and essential microelements) were per-
formed in the spring over the three-year study period. Thus, it is
necessary to consider these practices as partially responsible of the
variability observed over time for some soil variables under study (i.e.,
increasing trends for EC, Na, K™ and bell-shaped patterns for Ko, Crot)-
Note that the soil sampling in 2021 was performed in the spring period,
before the application of OM and the beginning of the irrigation season
(time zero, March 2021). In the two-years 2022-23, the soil sampling
campaign was carried-out at the end of the irrigation season, and,
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therefore, approximately five months after the application of the OM (in
October). Based on these assumptions, it cannot be excluded that the
field conditions have affected the obtained results. In addition, in the
two-years 2021-22, soil sampling was conducted after a rain period
(Fig. 2). Differently, in 2023, it was carried out in a drier period, even if
at the end of the irrigation season, characterized by a greater solute
concentration in the soil. As demonstrated by Duran et al. (2024), soils
with different SWC levels have dissimilar microbial biomass and soil
enzyme activity, since the SWC favours the population of microorgan-
isms and enzyme activity. These mechanisms may regulate the observed
soil variables trends (Fig. 13). Specifically, the EC presented higher
values in 2023, when there was a lower rainfall contribution compared
to 2021-22. Similar condition was observed for Na, showing a peak in
2023. For this variable, significant interactions were linked to WR and
SM, respectively, resulting in higher Na content in RDI compared to FI
and in mulched soil compared to the bare soil. As a general rule, the
uptake of K by the crops is nearly equal to or even more than N uptake
(Kumar et al., 2024). In our study, the most absorbable forms of K and N
were K™ and NO3_, which presented a similar increasing trend over the
three-years period. The K+ showed a bell-shaped trend, with a peak in
2022; whereas, the K™ became more available over time, with a peak in
2023, as function of the applied irrigation strategy, with higher contents
in FI than in RDI. The Ny presented a negative interaction over time

16

with lower values in 2023. Despite this behaviour, the increasing trends
of NO3_ suggested a greater availability to trees over time. The Mg
content showed an increasing trend with similar values in the two-years
period 2022-23 compared to 2021. It presented an interaction linked to
WR and SM; the influence of these factors determined a greater vari-
ability in RDI both in bare and mulched soils, with higher values under
mulched soils. The Ca content depicted a parabolic trend, with similar
values in 2021 and 2023 and a decrease in 2022. Furthermore, a weak
significance of the interaction between WR and SM suggested a reduc-
tion of Ca in the RDI-MULCH condition. The application of OM
contributed to similar trend of Corg in 2021-22 and to a decreasing trend
in 2023. This behaviour indicates that, even if additional organic matter
were added to the surface of the soil, albeit in varying quantities
depending on the pruning needs of the crown, the SOM (not buried in
the soil) would require a longer time to be assimilated also as function of
the pedo-climatic variability (Jiménez et al., 2017; Ozcan et al., 2013).
According to Canali et al., (2004), significant variation in SOM and in-
crease in CMIC are expected after many years of organic matter sup-
plying. In our study, the pH was basic with an alkaline tendency, linked
to the calcareous components of the soil, showing a bell-shaped trend, as
for Cior and Kyo, within the three-year period. The interaction between
WR and years showed similar pH values, with higher values in both RDI
and FIin 2022, which were significantly different in 2021, characterized
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Fig. 17. Daily soil water content (SWC) (a, b) and soil temperature (c, d) patters referring to the tree trunk distances (i.e., 35 and 0.75 m) for full irrigation (FI) and
regulated deficit irrigation (RDI) under mulched and bare soil conditions, together with daily rain and irrigation amounts, for the period 2022-23.

by the lowest pH values; intermediate condition occurred in 2023. Other
weak interactions were retrieved for WR and SM factors, where pH was
more favourable under RDI-MULCH conditions. In this study, complex
WR*SM interactions were observed for pH and Ca—Mg contents due to
the combined use of RDI and OM. This combined effect caused a
favourable or stable condition of homogeneity under FI, both with and
without OM, and the RDI-MULCH treatments. However, the combined
effect of SWCM on soil physical and chemical properties is hard to be
fully explained, because it may change over time as function of the
specific site-conditions (e.g., Buesa et al., 2021; Yaseen et al., 2014).
The improvement of SWC as well as of water utilization efficiency
represents a further added-value associated to OM adoption (Zhang

17

et al., 2023). Herein, the daily SWC continuously measured in the two-
years period 2022-23 demonstrated a positive effect of OM on SWC
conservation, especially at 0.75 m distance from the tree trunk, i.e., in
areas more subjected to soil evaporation. In detail, higher SWC values
were detected under mulched soil at this distance, compared to bare soil
under both RDI and FI. This evidence agreed with the observations of
Visconti et al. (2024), who reported that OM increased the SWC in the
inter-row, representing an extra water resource eventually available for
the tree root-systems (Cassiani et al., 2015). The lowest SWC values were
observed at RDI-BARE. However, the maximum SWC values reached at
0.75 m distance were lower than those recorded at 0.35 m, due to the
position of the dripline (i.e., closer to the tree trunk). This distance was
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Three-way analysis of variance for evaluating the effect of SM practices and WR on the main yield parameters during the study period. WR and SM denote the water
regime and soil management factors. The values in bold with asterisks refer to the significant differences among the factors and their interactions (for p-value <0.05).
Degrees of freedom (DF) and F-values (F) are also reported.

Factors Fruit weight Number of fruits % of juice Estimate yield Equatorial size
DF F p-value DF F p-value DF F p-value DF F p-value DF F p-value
SM 1 2.43 0.13 1 0.44 0.52 1 0.51 0.48 1 0.36 0.56 1 2.61 0.12
WR 1 0.56 0.46 1 0.06 0.82 1 1.82 0.19 1 0.06 0.82 1 1.86 0.18
YEAR 2 18.02 0.00* 1 0.80 0.39 2 4.95 0.01* 1 0.25 0.62 2 0.84 0.44
SM*WR 1 4.23 0.05 1 2.22 0.16 1 0.49 0.48 1 3.05 0.10 1 2.68 0.11
SM*YEAR 2 2.84 0.08 1 0.38 0.55 2 0.7 0.5 1 0.45 0.51 2 0.14 0.87
WR*YEAR 2 1.78 0.19 1 0.46 0.51 2 2.18 0.13 1 0.14 0.72 2 0.31 0.73
SM*WR*YEAR 2 5.5 0.01* 1 0.77 0.40 2 1.12 0.34 1 0.65 0.43 2 0.08 0.92
TOTAL 35 23 23 35
Factors Sugars pH Acidity Anthocyanins Polyphenols
DF F p-value DF F p-value DF F p-value DF F p-value DF F p-value
SM 1 0.2 1 3.15 0.08 1 0.52 0.47 1 0.5 0.48 1 0.09 0.76
WR 1 5.54 0.02* 1 0.69 0.41 1 0.35 0.55 1 2.23 0.15 1 1.72 0.21
YEAR 2 291 0.07 2 3.39 0.05 2 21.76 0.00* 2 11.85 0.00* 1 0.05 0.82
SM*WR 1 0.25 0.62 1 0.07 0.79 1 1.01 0.32 1 0.25 0.62 1 4.94 0.04*
SM*YEAR 2 0.18 0.84 2 0.87 0.43 2 0.15 0.86 2 1.57 0.23 1 0.40 0.53
WR*YEAR 2 0.47 0.62 2 0.62 0.54 2 0.27 0.76 2 0.13 0.88 1 0.67 0.42
SM*WR*YEAR 2 0.42 0.66 2 0.35 0.7 2 0.41 0.67 2 2.53 0.10 1 0.55 0.47
TOTAL 35 35 35 35 23
500 100 3 30
B b B B
*» g
400 A 80 1 3
350 B B 70 A 2, | 20 |
300 A = 60 1 = A q_
r
o0 250 - _'i‘_ gs50{ A AB £ B — c E]uls- B
200 104 [F] B i s ] = = B L4
150 A 30 4 oo 1 A 10 A L4
100 A 20 A 5
50 A 10
0 0 0 0
2022 2023 2024 2022 2023 2024 2022 2023 2024 2022 2023 2024
480 A 18 12
400 ~ AB ABC AABC 16 =
320 {C BC ¢ c ABCABCC ABC " ;_;1000 1 a A
240 A ' A Z A A
160 - 241 B 800 1
<«
so 80 - E10 A = 600 1
. 2 g =
an jan et et et jan J
2 5 % o % SAEEIERS g o 6 23400
< 2 < 2| < oS S
m E m m m E m m E 4 4 e 200 4
p= 5 | S
FI | RDI | FI | RDI | FI | RDI 0 - BARE MULCH| BARE MULCH
2022 2023 2024 i K1 I RDI
El SM*WR*YEA WR lzl WR*SM

Fig. 18. Interactions of (a) fruit weight (g), (b) juice (%), acidity (g/1 citric acid) and (d) anthocyanin content (mg/L) with the three-year period; (e) fruit weight
linked to SM, WR and years, (f) sugars linked to WR, and (g) polyphenols linked to WR and SM in the three-year period. SM and WR denote the soil management and
water regime, respectively. Bars refer to the standard error associated to the average values. Different letters show the significant differences in accordance with the

Tukey test for p-value <0.05.

less affected by soil evaporation as it was protected from Sr, due to the
shading of the tree crowns. Thus, in the area with a more accentuated
root density, at 0.35 m, trees benefit from a greater SWC (Vanella et al.,
2018, 2023). Slighter higher SWC were obtained under mulched soils
both in FI and RDI at 0.35 m, confirming the critical role of OM in
retaining water, as function of its amount or thickness (Liao et al., 2021;
Igbal et al., 2020). Note that OM was more homogeneously distributed
further away from the trunk than close to the tree-rows. In this study, the
positive effect of OM claimed on soil hydrology, i.e., decreasing water
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infiltration (e.g., Khurshid et al., 2006; Prosdocimi et al., 2016; Dugan
et al., 2024), probably involves a better adaptation of trees to water
deficit in mulched conditions, maintaining lower Tgp rates compared to
the bare soil condition (Fig. 4).

From an economic point of view, the cost of mulching depends on the
type of the applied material, mainly divided in organic or synthetic
materials (Chopra and Koul, 2020). The use of OM allows significant
savings compared to the cost of synthetic plastic material (e.g.,
15.000,00 €/ha for the cheapest types in Sicily). Note that OM material
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can be directly supplied on site, since pruning is an annual operation
that is generally applied at the farm level. As short-coming, the OM
application requires a phase in which pruning residues are shredded
and, subsequently, distributed on the soil surface to make a homoge-
neous layer (for a total cost of 4.500,00 €/ha). This needs for manpower
and, in some cases, the material transport is required from other sites
(Kader et al., 2019). Nonetheless, an additional economic benefit asso-
ciated to the use of OM is the possibility of reusing agricultural residues
(i.e., canopy pruning waste as in this study) in accordance to the stra-
tegic plans of the European directives of the new common agricultural
policy to achieve carbon neutrality objectives (CAP 2023-27; Guarrera
et al., 2024).

Benefits associated to the OM application must be evaluated site-by-
site in long-term, since the OM degradation timeframe can be quite slow,
especially when OM is applied on the soil surface (Li et al., 2021).
Mwango et al. (2016) found that long-term mulches were effective in
controlling soil and water losses, with reduction rates of runoff and soil
losses exceeding 58 %. Other positive aspects of long-term OM appli-
cation are related to the protection of the soil by extreme high tem-
peratures (Ray and Biswasi, 2016) and the improvement of soil
properties and/or biological activities (Lopez et al., 2014; Niswati et al.,
2018). However, soil properties changes by mulching might be slower
than expected under semi-arid conditions (Jimeénez et al., 2016, 2017).
Several studies highlighted the positive effects on soil protection from
summer heat, with reductions in the maximum daily temperature up to
2 °C under mulched compared to bare soils, which showed notable
temperature fluctuations (e.g., Kader et al., 2017; Suo et al., 2019; Liao
et al., 2021). In this study, the maximum soil temperature differences
between mulched and bare soils were observed under RDI conditions,
with values of 2.5 °C and 3.4 °C, respectively, at a distance of 35 and
0.75 m from the tree trunk. Similar soil temperature values were
recorded among the FI regimes, characterized by higher SWC compared
to RDI. As for SWC, the mulching effect seems to be more intense at a
greater distance from the tree, where higher soil temperature discrep-
ancy was observed (up to 5-6 %).

Herein, the overall application of sustainable WR and SM practices
improved fruit quality over the year. In particular, fruit weights were
affected by the interactions of the three factors under study, showing
every year similar values for both FI and RDI in bare and mulched
conditions, with higher values in 2024 under mulched soils in FI. Similar
evidence was found by Lepaja et al. (2015), whose showed that the
mulched soil increased the size of the fruit diameter, without reporting a
combined effect due to both RDI and mulching. Differently, Gebeyhu
and Markos (2023) found that the combined use of mulching and DI was
the most productive for watermelon cultivation. The application of such
sustainable SWCM allowed trees to make a better use of the available
resources. In this sense, the % of juice was stable in the three-year
period, being the decrease occurred in 2023 compensated in 2024.
The acidity decreased over the years, even if no relationships were ob-
tained with the other factors under study. Week differences were ob-
tained for the polyphenols as function of the interaction between the WR
* SM, resulting in higher values under the mulched soils in RDI (note
that this evaluation was conducted only for 2023-24). The effects of RDI
application was evident in terms of sugars content, showing higher
levels under the RDI treatments (Saitta et al., 2021). However, more
complex factors (i.e., fertilization, environmental condition) can influ-
ence the drop of acidity and the accumulation of sugars during ripening,
linked to the metabolic relationships of trees (Lin et al., 2015; Julhia
et al.,, 2019). In conclusion, from the yield and fruit quality point-of-
view, our findings partially agreed with Alhashimi et al. (2023),
which recognized the application of OM in combination with DI criteria
as a sustainable strategy for improving these traits under arid climatic
environments and climate change scenarios. According to Mekonen and
Gelagile (2024), smallholder farmers should apply OM under DI to in-
crease yield components and for saving water. Nevertheless, it is
important to underline the need of carrying-out additional studies in
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order to assess definitive results and best advice on the adoption of DI
under different mulch levels (Demo and Tsehai, 2024) and/or long-term
mulching application (Suo et al., 2019).

5. Conclusion and future outlook

The response of different SWCM was assessed in an orange orchard
under Mediterranean climate conditions from a multi-perspective point-
of-view, including CWS, soil and yield characteristics. The obtained
results allowed to accomplish the hypotheses set at the beginning of the
study, namely that the combined use of SWCM (i.e., the presence or
absence of OM under FI or RDI conditions) can contribute to achieve
positive CWS, soil and yield benefits.

At the study site, OM application improved the CWS by maintaining
lower SWP values and reducing tree transpiration, demonstrating that
OM is a sustainable source to substantially conserve the SWC. Specif-
ically, OM was a beneficial practice for improving the soil water status,
resulting in higher SWC values under mulched soils compared to bare
soil conditions, both under FI and RDI at 0.75 m from the tree trunk to
the inter-row. This behaviour was also translated in terms of soil tem-
perature, revealing reductions up to 5-6 % in mulched soils, in com-
parison to bare conditions under RDI. However, long-term experiments
are needed to provide more insight into the benefits that OM may pro-
vide to the soil composition and biology, due to greater time-variability
observed for most of the analysed soil physical-chemical variables
mainly due to the pedo-climatic conditions (i.e., rain variability during
soil sampling) and the OM application for only three years. In this sense,
future outlook of this study may be oriented to explore further research
areas, such as soil biological activity and the long-term impacts of
climate change on the efficacy of OM. In addition, the application of
SWCM improved the yield over the years, resulting in higher fruit
weights under mulched conditions both in FI and RDI, and significant
interactions of WR and WR * SM for sugars and polyphenol content,
respectively.

In conclusion, this study suggests that the integration of OM and RDI
can serve as an efficient strategy to overall enhance the CWS, soil and
yield features. However, several considerations must be addressed
before applying this practice. Specifically, growers need to ensure a
uniform application of the OM layer across the entire plot. In addition,
the role of using multiple SPAC monitoring tools is pivotal to prevent
crop damage. In this sense, the use of innovative technologies, such as
microtensiometers, can assist growers in managing SWCM under field
conditions.
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