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Abstract

Oxyfertigation with hydrogen peroxide (H2O2) has been successfully applied in several
crops and production systems, but its use in mature citrus orchards under no-tillage con-
ditions and semi-arid Mediterranean environments remains scarcely studied. This study
aimed to evaluate the physiological responses of adult citrus trees and the agronomic
performance of a mature citrus orchard subjected to chemical oxyfertigation based on
the application of H2O2 in irrigation water as an oxygen source for the root zone. The
experiment was conducted over four consecutive seasons (2018–2021) on adult ‘Ortanique’
hybrid mandarin trees grown in an orchard located in Torre Pacheco (Murcia, Spain).
Two treatments were established: a ‘Control’ (0 mg L−1 of H2O2) and an ‘OXY’ treatment
(50–100 mg L−1 of H2O2 applied throughout the growing season). Oxyfertigation signifi-
cantly increased the dissolved oxygen in irrigation water and soil oxygen diffusion rate,
with treatment and treatment × time effects showing greater oxygenation under conditions
favoring transient root-zone hypoxia. Soil CO2 and H2O vapor fluxes exhibited marked
seasonal dynamics but no consistent treatment effect, and soil salinity and macro- and
micronutrient contents were not significantly altered. At the plant level, oxyfertigation
episodically enhanced leaf gas exchange and transiently improved the water status, but
did not produce a sustained increase in leaf-level water use efficiency. In contrast, OXY
trees showed greater pruning biomass, more fruits (+18%), higher cumulative yield (+13%),
and significantly higher crop water use efficiency (YWUE) while the mean fruit weight
and most quality attributes were governed by interannual climatic variability. In summary,
oxyfertigation acted as a complementary and safe agronomic practice that improved rhi-
zosphere oxygenation and supported modest gains in fruit load and YWUE in mature
citrus orchards.

Keywords: hydrogen peroxide; dissolved oxygen; ODR; water relations; pruning biomass;
yield; fruit number; crop water-use efficiency; fruit quality

1. Introduction

Spain is one of the leading citrus-producing countries in the Mediterranean basin,
with production mainly concentrated in the regions of Valencia, Andalusia, and Murcia
(MAPA 2025) [1]. In the Region of Murcia, citrus cultivation (after vegetables) represents
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one of the most important crops from a socioeconomic standpoint. During the 2023 season,
production reached 706,445 t of lemon, 112,429 t of orange, and 98,253 t of mandarin
fruits [2]. The climate in this area is semi-arid, and under these conditions, the viability of
agricultural farms mainly depends on the efficient management and availability of existing
water resources. For this reason, irrigation and crop management aimed at maximizing
crop water use efficiency (YWUE) [3], defined as the fruit yield per unit of irrigation water
applied (kg m−3), are of great importance in this region.

One practice that has been proposed to improve crop yield and YWUE is an irrigation
strategy known as aerated irrigation [4,5]. Oxygen availability may become a primary
limiting growth factor under specific soil conditions such as waterlogging, compaction,
or poor aeration [6], whereas under well-aerated soils, its role is secondary, in agreement
with Liebig’s law of the minimum. For proper crop development, the presence of O2 in
the soil solution is essential since roots require adequate O2 concentrations to function
properly and to meet the water and nutrient demands of the aerial parts of the plant [7,8].
However, certain situations can cause O2 deficiency in the soil, leading to reduced crop pro-
ductivity [9]. The main causes include the use of low-quality water with high salinity [10],
soil compaction due to the absence of tillage [11], and waterlogging caused by excessive
irrigation or torrential rains in heavy clay soils [12].

Soil–root aeration in irrigated systems is governed predominantly by diffusion: O2

moves first through air-filled pores and, after infiltration events, across thin water films
where its diffusivity is ~10,000 times lower than in air. Consequently, soil texture, structure,
and irrigation frequency strongly condition rhizosphere O2 supply [13,14]. Classical field
work introduced the O2 diffusion rate (ODR) as a practical proxy for root-zone aeration
and reported method-dependent thresholds for growth cessation under low O2 supply.
Later mechanistic models showed that no universal critical ODR value exists since aeration
requirements depend on temperature, root length density, microbial respiration, and the
depth and distribution of active sinks [15–18]. At the plant level, root hypoxia triggers
coordinated metabolic and anatomical acclimations responses, including a shift towards
fermentative metabolism, ethylene signaling, and the formation of aerenchyma and barriers
to radial O2 loss, which enhance internal gas transport and tolerance to episodic O2 limi-
tation in irrigated soils [19–21]. In drip-irrigated crops, transient saturation in the wetted
bulb around emitters can depress soil O2 immediately after irrigation. This has motivated
the development of oxygen-enrichment strategies to characterize and alleviate short-term
aeration constraints in the root zone [14,22,23].

Under conditions where gas exchange in the soil may be restricted, maintaining
adequate O2 levels in the root zone may represent an additional agronomic constraint
that interacts with other stresses rather than a uniquely limiting factor. To mitigate this
constraint, the application of O2-releasing products has emerged as an effective complemen-
tary strategy. These products help maintain high concentrations of O2 in the rhizosphere
throughout the crop cycle, supporting root functioning under suboptimal aeration. As a
result, they can promote plant growth and yield while improving both water and fertilizer
use efficiency [4,24].

Hydrogen peroxide (H2O2) is applied in oxyfertigation to enrich dissolved O2 in the
root zone [25]. Its decomposition yields water and oxygen via catalase and metal-mediated
disproportionation (2 H2O2→ 2H2O + O2), and can also generate hydroxyl radicals through
Fenton-type reactions (Fe2+ + H2O2 → Fe3+ + •OH + OH−) that contribute to rhizosphere
sanitization and organic matter oxidation. In drip-irrigated orchards, these processes can
transiently improve rhizosphere aeration and root activity [25]. Additionally, H2O2 can
also be used in drip irrigation systems to control biofouling and remove scale formation in
emitters, as demonstrated by Tachikawa and Yamanaka [26], and in systems using treated
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wastewater [27]. The effects of applying H2O2 via irrigation clearly depend on the crop
species, substrate, and environmental context. In hydroponic and soilless systems, the
results have been mixed: in strawberry plants, H2O2 application has increased the yield
and fruit number during the late production stage [28], while in soilless-grown pepper,
oxyfertigation has improved yield under commercial greenhouse conditions [29,30]. By
contrast, Acuña et al. (2006) [31] reported no significant effects of H2O2 in perlite-grown
plants, highlighting that substrate properties and baseline aeration critically modulate
the response. In soil-based systems, particularly in fine-textured or poorly aerated soils,
the evidence is more consistently positive. The application of H2O2 has increased the
total biomass and yield of zucchini [32] and pepper [25]. Similar improvements have
been reported in potted crops such as soybean and cotton, showing higher biomass and
productivity [32]. In potato, irrigation water oxygenation with H2O2 has improved growth,
physiological performance, and tuber yield under optimal irrigation and helped mitigate
drought stress in poorly aerated clay-loamy soils [33]. More recently, moderate concentra-
tions of H2O2 (600–800 mg L−1) have been shown to improve soil aeration, antioxidant
enzyme activity, and grain yield in winter wheat, with yield gains of up to 25% relative to
non-oxygenated irrigation [34].

Research on the effects of H2O2 in woody crops is still limited, and the available
studies have reported variable responses depending on the species, soil type, and irri-
gation conditions. In avocado, H2O2 application in poorly drained soils has increased
plant biomass and crop water use efficiency (YWUE) without significantly affecting CO2

assimilation, transpiration, stomatal conductance, or stem water potential while the xylem
vessel diameter and the xylem/phloem ratio has tended to be greater in treated trees [35].
In grapevine, Thomas et al. [25] conducted a four-year field study and found that the
addition of 10 ppm H2O2 consistently increased the yield by about 25%, particularly in
the later years of the experiment. In citrus, O2 availability in the soil solution is critical
for proper root development and nutrient uptake [36]. Ben-Noah et al. [37] evaluated soil
air injection in mature ‘Valencia’ orange trees under shallow groundwater conditions and,
although soil O2 levels slightly increased, they did not observe significant changes in tree
growth, yield, or fruit quality.

Therefore, despite the promising evidence of H2O2 application in other crops and
production systems, its effects as an oxygen-enriching additive in mature citrus orchards
under semi-arid Mediterranean conditions remain insufficiently documented. Based on
this knowledge gap, the present study did not assume the existence of an a priori O2

deficiency in the root zone, but instead aimed to evaluate the functional response of the soil–
plant system to increased dissolved O2 in irrigation water through H2O2 application. We
hypothesized that O2-enriched irrigation could modify soil aeration dynamics and influence
root activity and plant physiological performance and, ultimately improve productivity
and YWUE under field conditions. The specific objectives of this study were to (1) assess
the effects of oxyfertigation on soil chemical and biological characteristics; (2) evaluate its
physiological impact on leaf CO2 assimilation, transpiration, stomatal conductance, and
stem water potential; and (3) quantify its effects on yield, crop water use efficiency, and
fruit quality in comparison with a control treatment.

2. Materials and Methods

2.1. Experimental Conditions and Plant Material

The experimental site was located at the IMIDA experimental station in Torre Pacheco
(Murcia, Spain), under a semi-arid Mediterranean climate characterized by mild winters
and hot, dry summers. Meteorological data were obtained daily by an automatic weather
station installed within the orchard (station TP-91 of the Servicio de Información Agraria de
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Murcia, SIAM-IMIDA). Over the four-year study (2018–2021), mean daily solar radiation
was of 18.5 MJ m−2 day−1 and mean annual air temperature was 17.9 ◦C, with seasonal
extremes ranging from 4–8 ◦C in winter to 32–38 ◦C in summer. Annual rainfall averaged
384 mm, but varied markedly among years (304 mm in 2018 to 512 mm in 2019), with
most precipitation concentrated in autumn and winter. Reference evapotranspiration (ET0,
calculated using the Penman–Monteith method [38,39]) ranged from 1138 to 1246 mm
per year, reflecting high atmospheric demand during summer months. Irrigation water
supplied by the Campo de Cartagena community had an average electrical conductivity (EC)
of 1.28 dS m−1, typical of moderately saline water in the region. The soil was classified as
sandy clay loam (23% clay, 26% silt, 51% sand), with a bulk density of 1.4 g cm−3, pH 7.9, EC
0.36–0.41 mS cm−1, organic matter content of 2.02%, and 11.02% active CaCO3. The orchard
consisted of 25-year-old ‘Ortanique’ mandarin trees under no-tillage conditions, drip-
irrigated since establishment, and managed according to integrated production standards
for citrus in Murcia.

All plant material used in this study consisted of Citrus reticulata Blanco × Citrus

sinensis (L.) Osbeck ‘Ortanique’ hybrid mandarin trees grafted onto ‘Carrizo’ citrange
(Citrus sinensis Osb. × Poncirus trifoliata (L.) Raf.) rootstock. The orchard (1 ha, with a tree-
spacing of 3 × 4 m) was originally established in 1993 using certified nursery trees supplied
by a commercial citrus nursery in the Region of Murcia (Spain). Trees were propagated
exclusively by conventional grafting (T-budding) onto standard rootstock seedlings. No
micropropagation or tissue-culture techniques were used at any stage of plant production.
All trees within the experimental orchard were of the same origin, age, and propagation
method, ensuring genetic and horticultural uniformity across treatments.

Each tree row was equipped with a single drip line containing three NetafimTM self-
compensating drippers (Netafim™; Netafim Ltd., Kibbutz Hatzerim, Israel) delivering
4L h−1 per tree. Crop evapotranspiration (ETc) were calculated following the FAO-56
method [39], using ET0 data from the on-site station, and the crop coefficient (Kc) values
used were those provided by “Servicio de Información Agraria de Murcia (SIAM-IMIDA)”
for late-season mandarin cultivars. Irrigation and fertigation were controlled automatically
by a central head unit (Xilema NX300; Novedades Agrícolas S.A., Torre Pacheco, Spain),
equipped with electro-hydraulic valves (uPVC; Regaber S.A., Parets del Vallès, Spain),
applying the same fertilization program and irrigation dose (100% ETc) across treatments.
Irrigation frequency varied seasonally, from twice in winter to daily in summer, for both
treatments. The volume of water applied was monitored using flowmeters. Fertigation
totals, formulations, and timing were identical for all trees and seasons (2018–2021) and
were supplied from the same head unit.

All orchard management practices, including irrigation scheduling, fertigation, pest
and disease control, and pruning, were those commonly used by growers for late-harvested
mandarin cultivars in the area according to technical standards of integrated production in
the citrus cultivation in the Region of Murcia [40]. These practices were applied identically
to all trees, using the same active ingredients, doses, and application dates. All interventions
were recorded by field staff, and detailed logs are available upon request. Pruning was
carried out manually after the harvest in late winter to minimize the risk of frost damage.

Two treatments were established: a ‘Control’ treatment—0 mg L−1 of H2O2 in drip
irrigation water—and an ‘OXY’ treatment: 50–100 mg L−1 of H2O2 in irrigation water,
adjusted to maintain 20–30 mg L−1 dissolved O2 (DO) at the dripper outlet throughout
the crop cycle). These ranges of H2O2 and the target of dissolved O2 were selected based
on published guidelines for drip applications reporting physiological benefits without
phytotoxicity [25] and on our preliminary orchard trials, which confirmed emitter integrity
and the absence of oxidative damage at these doses. The ≥20 mg L−1 DO target was
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consistent with oxygenated irrigation studies documenting improved plant performance
around this concentration [41] and with technical reports showing that supersaturation
up to approximately 30 mg L−1 is feasible in pressurized irrigation lines [42]. H2O2 was
injected continuously using a digital membrane dosing pump during each irrigation event
in the OXY treatment to reach a target dose of 50–100 mg L−1 at the head unit. The injection
rate (L h−1) was calculated from system flow and target mg L−1 using this conversion:

Injection rate (L h−1) = system flow (m3 h−1) × target (mg L−1)/(% stock, w/w) × 10

The experimental design consisted of four completely randomized blocks, each with
two treatments and three monitored trees per treatment (12 trees per treatment in total).
Each block consisted of three adjacent rows with five trees per row (15 trees in total). The
three trees located in the central row were used as experimental units while the remaining
trees served as border trees to prevent edge interference. Additionally, blocks assigned to
different treatments were separated by at least one complete tree row (4 m), acting as a
buffer to minimize spatial autocorrelation and possible edaphic or microclimatic gradients
between treatments. This configuration was chosen to maintain locally homogeneous
conditions within blocks, ensure adequate spatial independence among treatment plots,
and allow a robust evaluation of treatment effects at the individual tree level.

2.2. Measurements

2.2.1. Dissolved Oxygen (DO) and Soil Oxygen Diffusion Rate (ODR)

DO in irrigation water was monitored periodically during the main irrigation season
(May–October) in 2020 and 2021. Measurements were taken in situ at the dripper outlet
under steady-state flow conditions, approximately midway through irrigation events. DO
was recorded in the four replicate plots per treatment using a portable DO meter (HI9147-04;
Hanna Instruments, Woonsocket, RI, USA) following the manufacturer’s specifications
for calibration and temperature compensation. The meter specifications were thus: range
0.0–50.0 mg L−1 and 0–600% O2 saturation; resolution 0.1 mg L−1 (1%); accuracy ±1% of
reading; automatic temperature compensation; manual one-point calibration in saturated
air; salinity compensation (0–51 g L−1); and altitude compensation (up to 4000 m). A
one-point calibration in saturated air was performed daily at the measurement site, and
salinity and local altitude were set according to site conditions. To capture potential DO
gradients along the distribution network, readings were taken both at the dripper outlet
and at the distal end of the lateral line.

ODR was measured periodically between May and September in 2020 and 2021, in
twelve trees per treatment. Measurements were taken near the drippers within the wetted
zone at rooting depth and immediately after irrigation (9:00–11:00 a.m.), when transient O2

limitation is most likely. Readings were made with a Pt microelectrode and an Ag/AgCl
reference electrode using an ODR meter (model 14.36.03; Royal Eijkelkamp, Giesbeek, The
Netherlands), following the manufacturer’s operating procedure and reading the steady-
state diffusion-limited current after stabilization [43]. The system applied a stabilized
potential and recorded the current required to reduce O2 at the Pt surface; measuring range:
0–999 µA (resolution 1 µA) with accuracy ±3 µA; operating temperature: 0–50 ◦C. Prior
to field measurements, the Ag-AgCl reference electrode was cleaned and generated, and
instrument checks were performed as described by the manufacturer.

2.2.2. Soil Physicochemical and Microbiological Analyses

Soil physicochemical and microbiological analyses were conducted in October 2020
and 2021. Four soil samples per treatment (one per block between three trees) were collected
from the rhizosphere (10–30 cm depth, 10–15 cm from the dripper) using a mechanical
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auger. Samples were kept at low temperature and analyzed following ISO and UNE
standards. Electrical conductivity was measured in an aqueous extract (1:5) at 25 ◦C using
a conductivity meter (Seven2Go S7; Mettler-Toledo, Columbus, OH, USA). The exchange
cations (Na, K, Ca, and Mg) were extracted using BaCl2 (standard method ISO 11260:2018)
and measured by inductively coupled plasma atomic emission spectroscopy (ICP-OES;
Vista MPX; Varian Inc., Palo Alto, CA, USA) (standard method ISO 22036:2008). The
pH was determined in a 1:2 extract with 1 M KCl (ISO 10390:2021), using a pH-meter,
(Seven2Go S8; Mettler-Toledo, Columbus, OH, USA). Active limestone was measured
after the extraction with ammonium oxalate, using a Bernard calcimeter (PRIMACS SNC-
100; Skalar Analytical B.V., Breda, The Netherlands) (method UNE 103200:2021). Organic
matter and oxidizable organic carbon were determined by oxidation with dichromate using
the Walkley–Black method [44]. The aqueous extraction of soluble anions (NO3

−, NO2
−,

SO4
2−, PO4

3−) was performed as indicated in the standard method UNE-EN 13652:2002,
and the concentrations were determined by liquid-phase ion chromatography (Eco IC;
Metrohm AG, Herisau, Switzerland) (standard method UNE-EN ISO 10304-1:2009). The
extraction and determination of exchange cations was conducted as described previously
via extraction using BaCl2 and determination by ICP-OES. The cation exchange capacity
(CEC) was calculated using the method of summation of bases plus the exchangeable acidity
(Al3+ + H+) [45]; N was analyzed according to the Kjeldahl method by potentiometric
titration (PTA-FQ-020).

In the soil samples, the abundance of several functional groups of soil microorganisms
was determined by counting the number of aerobic mesophiles, molds and yeasts, and
actinomycetes with the plate count method. To quantify the aerobic mesophiles, soil
samples were sown in PCA (plate count agar) culture medium and incubated at 30 ◦C
for 72 h, and visible colonies were counted (UNE-EN ISO 4833). In order to quantify the
molds and yeasts, soil samples were sown in DRBC culture medium and incubated at 25 ◦C
for 2–3 days, and the colonies that could be differentiated were counted (ISO-21527). To
quantify the actinomycetes, soil samples were sown in AIA (actinomycetes isolation agar)
culture medium and incubated at 30 ◦C for 7 days. Visible colonies were counted (Standard
Method 9250 [Detection of Actinomycetes]). Phytopathology nematodes were analyzed
in the same samples. Nematodes were extracted from soil samples by elutriation using
an Oostenbrink disc after sieving through a series of meshes [46]. Extracted nematodes
were concentrated by centrifugation and counted under a stereomicroscope; representative
specimens were mounted in glycerine and identified to genus or species level under a
compound microscope.

2.2.3. Soil Respiration

Soil respiration (CO2 and H2O vapor fluxes) was measured between June and October
in 2020 and 2021. Measurements were periodically conducted between 11:00 a.m. and
12:00 p.m. using a portable soil respiration system (LI-8100A Infrared Gas Analyzer; LI-
COR Biosciences, Lincoln, NE, USA) equipped with a 20 cm diameter survey chamber.
For this purpose, 24 polyvinyl chloride (PVC) collars (20 cm in diameter and 10 cm in
height) were installed in the moist zone influenced by the irrigation bulb. Twelve collars
corresponded to the Control treatment and the remaining twelve to the OXY treatment.
Measurements with the LI-8100A quantified total soil CO2 efflux (sum of autotrophic root
and heterotrophic microbial respiration). No respiratory partitioning (e.g., root exclusion or
isotopic methods) was performed; fluxes are therefore interpreted as rhizosphere activity
rather than root-specific respiration.

https://doi.org/10.3390/agriculture16010075

https://doi.org/10.3390/agriculture16010075


Agriculture 2026, 16, 75 7 of 33

2.2.4. Midday Stem Water Potential

Midday stem water potential (Ψstem) was measured every two weeks during the
main irrigation season over the experimental period (2018 to 2021), on one mature, fully-
expanded leaf from the middle third of each tree, in twelve trees per treatment. Leaves
were enclosed within foil-covered plastic and aluminum envelopes at least 2 h before the
midday measurement [47]. The Ψstem value was measured at noon with a pressure chamber
(model 3000; Soil Moisture Equipment. Corp., Santa Barbara, CA, USA), following the
recommendations of Turner [48].

2.2.5. Leaf Gas Exchange

Leaf gas exchange measurements were taken on the same dates as Ψstem, between
08:00 and 10:00 GMT, under daylight hours (to avoid high afternoon temperatures and
air vapor pressure deficit). Measurements were taken on healthy, sun-exposed mature
leaves (one leaf per tree, twelve trees per treatment). Net photosynthesis rate (ACO2),
stomatal conductance (gs), and leaf transpiration rate (Eleaf) were determined using a
portable photosynthesis system (Li-6400, Li-Cor, Lincoln, NE, USA) equipped with a broad
leaf chamber (6.0 cm2). Instantaneous (ACO2/Eleaf) and intrinsic (ACO2/gs) leaf water use
efficiency and intercellular CO2 concentration (Ci) were calculated automatically by the
internal software program of the Li-6400, based on the equations of Von Caemmerer and
Farquhar [49]. The air flow rate inside the leaf chamber was 500 µmol s−1. At the beginning
of the measurements, each day, the temperature of the block of the leaf chamber was fixed
using the air temperature reference (15–26 ◦C). Portable 12 g cartridges of high-pressure,
liquefied, pure CO2 were attached to the console by an external CO2 source assembly and
were controlled automatically by a CO2 injector system (6400-01 LiCOR, Lincoln, NE, USA).
The reference CO2 concentration was fixed at 400 µmol mol−1. All of the measurements
were made using a red–blue light source (6400-02B light emitting diode; Li-COR, Lincoln,
NE, USA) attached to the leaf chamber, and the PPFD was fixed at the average value of
the natural daylight at the time of measurement, 1200 µmol m−2 s−1, which exceeded the
saturating light intensity for photosynthesis of citrus leaves [50,51] but was not enough to
provoke photoinhibition [52].

2.2.6. Leaf Mineral Composition

Leaf mineral composition was analyzed annually in November throughout the ex-
perimental period (2018 to 2021). The leaf samples consisted of 25 fully mature leaves
(5–8 months old) from each tree from twelve trees per treatment (n = 12 trees per treatment
per year). For each tree, the 25 leaves were pooled into a single composite sample and
processed jointly. Leaves were washed, oven-dried (60 ◦C), ground, and sieved (5 mm).
Macronutrients (N, P, K, Ca, Mg, Na, and Cl) and micronutrients (Fe, Cu, Mn, and Zn) were
determined. The dried and ground leaf tissue was ashed at 550 ◦C and dissolved in HNO3

to determine the presence of P, K, Mg, Ca, Na, Fe, Cu, Mn, and Zn by inductively coupled
plasma atomic emission spectroscopy (Varian MPX Vista; Palo Alto, CA, USA). Total N was
determined by a direct combustion nitrogen analyzer (Model FP-428; Leco Corporation,
St. Joseph, MI, USA).

2.2.7. Vegetative Growth

Vegetative growth was monitored by measuring trunk diameter at a fixed height
(30 cm above the graft union) using permanent band dendrometers (Model D1, UMS
GmbH, München, Germany) installed on twelve trees per treatment. The trunk cross-
sectional area (TCSA, cm2) was calculated as π × (diameter/2)2, and the absolute growth
rate of the TCSA (AGRtrunk) was derived from seasonal increments [53]. At the end of each
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crop season, and in the same trees, the individual fresh pruning weight (kg tree−1) was
measured with a portable digital scale.

2.2.8. Root Biomass

Root biomass was evaluated at the end of the experiment (November 2021). Samples
were collected within the wetted bulb zone, near the drip emitter, from four trees per
treatment (one per block). Soil cores were extracted using a Royal Eijkelkamp E53 soil
sampling ring kit (Royal Eijkelkamp, Giesbeek, The Netherlands) equipped with an auger
and a closed ring holder to obtain undisturbed samples. Stainless-steel rings (53 mm
diameter × 51 mm height; 100 cm3 volume) with a sharpened lower edge were used to
facilitate insertion and minimize friction and disturbance. Sampling was conducted at
two depths (15 and 35 cm) after removing surface plant residues to avoid contamination.
Samples were labeled, stored at 4 ◦C, and processed within 24–48 h to prevent degradation
of fine roots. Each soil core was gently disaggregated onto a set of standardized sieves
(ISO 3310-1:2016; 300 mm diameter) arranged in decreasing mesh size (2 mm, 1 mm, and
0.1 mm). Water washing facilitated separation, cleaning, and recovery of fine and coarse
root fractions. Roots retained on each sieve were separated using tweezers and a soft brush
and subsequently placed in water-filled trays for diameter classification. Roots ≥ 2 mm in
diameter (retained on the 2 mm sieve) were classified as thick roots whereas those <2 mm
(retained on the 1 mm sieve) were classified as fine roots. Each root fraction was placed
in a labeled container, and non-root or foreign material was manually removed. Samples
were drained, blotted with filter paper, and air-dried to remove surface moisture. Fresh
weight was then recorded. For dry weight determination, fine and thick root fractions were
placed in paper envelopes and oven-dried at 60 ◦C for 48–72 h. Dried samples were cooled
in a desiccator and weighed using a precision balance (GRAM FV-220, Gram Precision,
Barcelona, Spain).

2.2.9. Yield and Fruit Quality

Fruit yield was determined throughout the experimental period by harvesting and
counting all fruits from each monitored tree at commercial maturity (February–March),
following EU Regulation No. 1799/2001 [54]. Measurements were performed on twelve
trees per treatment. The total fruit weight per tree was recorded using a digital scale, and
mean fruit weight was calculated by dividing the total fruit weight by the number of fruits
per tree. Crop water use efficiency (YWUE) was calculated as the ratio of yield to total
irrigation water applied.

At harvest, a sample of nine commercial fruits were collected from each of the twelve
trees per treatment (108 fruits per treatment) to analyze fruit quality. In each fruit, the
external peel color was measured using a tri-stimulus color difference meter (Minolta
CR-300, Konica-Minolta Sensing, Osaka, Japan) at three locations around the equatorial
plane of the fruit. The Hunterlab parameters L, a*, and b* were used, and the external color
index (ECI) was calculated using the following equation:

ECI = (a* × 1000)/(L × b*), (1)

where L indicates lightness and a* and b* are the chromaticity coordinates. ECI has a
high correlation with the visual appreciation of the fruit color and ranges from negative
(green) to positive (orange–red). Fruits were cut in the equatorial plane, and peel thickness
was measured at three points with a digital caliper. For each tree, the juice of the 9 fruits
was pooled into a single composite sample and processed jointly. Fruits were squeezed,
and the juice was filtered to measure TSS (total soluble solids) and TA (titratable acidity).
Fruit fractions were separated, weighed, and expressed in the forms of juice, peel, and
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pulp percentages. The TSS of the juice was measured at 25 ◦C with a digital refractometer
(Model Palette PR-100, Atago Co., Ltd., Tokyo, Japan) and TA (expressed as the percentage
of citric acid in the juice) was determined by titration with 0.1 N NaOH to pH 8.1, using
an automatic titrator (CRISON TitroMatic 2S, Crison Instruments S.A., Barcelona, Spain).
Maturity index (MI) was expressed as the TSS × 10/TA ratio.

2.3. Statistical Analysis

All data were first checked for outliers and for compliance with normality and homo-
geneity of variances using Shapiro–Wilk and Levene tests, respectively. When necessary,
variables were log- or square-root-transformed before analysis to improve normality; un-
transformed means are presented for clarity.

The experimental unit was the individual tree. For variables measured once per
tree and year (soil chemical properties, soil microbiology and nematodes, leaf mineral
composition, yield components, pruning weight, and fruit quality), data were analyzed
within a linear mixed-model framework, with treatment (Control vs. OXY), year, and their
interaction as fixed effects and tree (nested within block) as a random factor. Repeated
measurements across years on the same trees were modelled by specifying year as a
repeated factor within tree, using a compound-symmetry covariance structure. When the
treatment × year interaction was not significant (p ≥ 0.05), it was removed from the final
model and main effects were interpreted. Root biomass was assessed only once, at the end
of the experimental period. Therefore, root dry weight data were analyzed using a one-way
ANOVA with treatment as the fixed factor and tree as the experimental unit.

For time-series variables measured repeatedly within each season, such as dissolved
O2 in irrigation water (DO), soil O2 diffusion rate (ODR), soil CO2 and H2O vapor fluxes,
midday stem water potential (Ψstem), leaf gas exchange (ACO2, gs, Eleaf), and intrinsic
and instantaneous leaf water use efficiency (ACO2/gs and ACO2/Eleaf,), factorial repeated-
measures ANOVA was performed in a mixed-model framework, with treatment as the
between-subject factor and day of year (DOY) as the within-subject (repeated) factor, using
the individual tree as the random subject. This approach explicitly accounted for the
temporal correlation of observations within each tree. For these models, we tested the main
effects of treatment and DOY and their interaction (treatment × DOY).

When a significant interaction was detected (p < 0.05), simple effects were explored
and pairwise comparisons between treatments at a given year or sampling date were
carried out using Duncan’s multiple range test at p < 0.05. In all figures, p-values for
treatment, time, and their interaction from the repeated-measures analyses are shown,
together with standard errors (SEs). Additionally, we performed a post hoc power analysis
for orchard-scale yield differences (α = 0.05, two-tailed; n = 12 trees per treatment/year).

All statistical analyses were performed using Statgraphics Centurion XV, version
15.2.06 (StatPoint Technologies Inc., Warrenton, VA, USA).

3. Results

3.1. Climatic Conditions and Irrigation Water Applied During the Experimental Period

During the experimental period (2018–2021), reference evapotranspiration (ET0)
ranged from 1138 to 1246 mm, showing a low inter-annual variability. In contrast, an-
nual rainfall (R) exhibited substantial year-to-year variation, with the lowest value recorded
in 2018 (304 mm) and the highest in 2019 (512 mm) (Table 1), mainly due to torrential rains
that occurred in September (255 mm in four days) (Figure 1).
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Table 1. Reference evapotranspiration (ET0), rainfall (R), and irrigation water applied for each
treatment during experimental period (2018–2022).

Seasons ET0 (mm) R (mm) Irrigation Treatments (mm)

Control OXY
2018 1246 304 588 548
2019 1192 512 547 547
2020 1160 334 539 538
2021 1138 385 470 470

Average 2018–2021 1184 384 536 526
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Figure 1. Seasonal evolution of daily vapor pressure deficit (VPD), reference evapotranspiration
(ET0), and rainfall during the experimental period (2018 to 2021).

The seasonal change in the air vapor pressure deficit (VPD), reference evapotranspi-
ration (ET0), and rainfall during the 2018–2021 seasons showed a clear seasonal pattern
typical of Mediterranean conditions (Figure 1). Both VPD and ET0 exhibited marked in-
creases from spring to early autumn, coinciding with the period of highest evaporative
demand. Maximum ET0 values reached 7.7 mm day−1 in July 2021 while the maximum
VPD reached a value of 2.59 kPa in mid-summer (August 2019).

Rainfall events (blue bars in Figure 1) were mainly concentrated during the autumn
and winter, with scarce precipitation during the summer months. The most pronounced
rainfall episodes were recorded in late 2018 and September 2019, whereas 2020 and 2021
showed lower and more irregular distributions. Overall, the climatic pattern revealed
strong intra-annual variability in atmospheric water demand, characterized by extended
periods of high VPD and ET0 coupled with limited rainfall.

Irrigation volumes were adjusted according to climatic demand in both treatments.
In the Control treatment, the applied irrigation ranged from 470 mm (2021) to 588 mm
(2018), while in the OXY treatment, the values were similar, ranging from 470 mm to
548 mm (Table 1). The differences in the amount of water applied between treatments
in 2018 (around 7% less in OXY) were caused by temporary dripper blockages due to
biofilm cleaning accumulated in secondary pipes at the beginning of H2O2 application. The
highest irrigation requirement occurred in 2018, corresponding to relatively low rainfall
(304 mm) and high ET0 (1246 mm), while the lowest was observed in 2021, coinciding with
a low ET0 (1138 mm) and a relatively high rainfall (385 mm). Across all seasons, irrigation
inputs remained similar between treatments, ensuring comparable water availability for
the experimental design.
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3.2. Effects of Oxyfertigation on Soil

3.2.1. Dissolved Oxygen in Irrigation Water and Soil Oxygen Diffusion Rate

The oxyfertigation treatment consistently increased dissolved oxygen (DO) in the
irrigation water during both 2020 and 2021 (Figure 2A,C). The factorial repeated-measures
ANOVA showed a significant treatment effect and strong temporal variability across
sampling days. Importantly, a significant treatment × DOY interaction was detected in
both seasons, indicating that DO enhancement by oxyfertigation was not constant over time
but varied according to environmental conditions, irrigation events, and water temperature.
On multiple dates, post hoc Duncan comparisons confirmed significant differences between
treatments (p < 0.05), particularly during periods of high evaporative demand or elevated
seasonal water temperature. In 2020, DO in the Control treatment ranged between 2.7 and
7.8 mg L−1 (mean = 5.0 mg L−1), whereas in the OXY treatment, it varied from 18.4 to
31.4 mg L−1 (mean = 22.7 mg L−1). Oxygen-enriched water consistently maintained DO
levels approximately four times higher than Control across all sampling dates. During the
2021 period, a similar trend was recorded. Control treatment showed values between 3.7
and 8.0 mg L−1 (mean = 5.5 mg L−1) while the OXY treatment presented concentrations
from 16.0 to 49.7 mg L−1 (mean = 29.3 mg L−1).
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Figure 2. Seasonal evolution of dissolved O2 (DO) concentration in the irrigation water measured at
the dripper and soil O2 diffusion rate (ODR) and for each treatment (Control and OXY) during the
2020 (A,B) and 2021 (C,D) periods. Each point is the average of 4 measurements of DO in irrigation
water measured in the dripper and 12 measurements in soil ODR. Vertical bars indicate ± standard
error. The p-values corresponding to the effects of treatment, day of year (DOY), and their interaction
(treatment × DOY) obtained from factorial repeated-measures ANOVA, in a mixed-model framework,
are shown inside each panel. The symbols ns, *, and *** denote non-significant differences, p < 0.05,
and p < 0.001, respectively. Asterisks above individual dates indicate significant differences between
treatments on a given sampling date according to Duncan’s test (p < 0.05).

Soil oxygen diffusion rate (ODR) also increased systematically under oxyfertigation
during 2020 and 2021 (Figure 2B,D). Treatment and day effects were significant (p < 0.001),
reflecting both improved rhizosphere aeration and the expected temporal sensitivity of
ODR to irrigation cycles and meteorological conditions. The treatment × DOY interaction
was non-significant in 2020 but became significant in 2021, suggesting that temporal
divergence between treatments was more pronounced during the latter season, when
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increased soil temperature and irrigation intensity may have amplified the oxygenation
response. As with DO, isolated dates showed pairwise differences (p < 0.05), confirming
the episodic enhancement of root-zone aeration under oxyfertigation. The soil ODR under
oxyfertigation consistently exhibited higher values (150–200 µg O2 m−2 s−1) than Control
(100–150 µg O2 m−2 s−1).

Collectively, these results demonstrate that oxyfertigation not only increased the baseline
levels of oxygen supply to the root environment but also modulated temporal aeration dynamics
in response to changing environmental conditions, with variable interaction effects across years.

3.2.2. Soil Respiration

Seasonal patterns of soil CO2 fluxes showed a gradual decline from spring to late
summer under both treatments in 2020 (Figure 3A) and 2021 (Figure 3B). Across both years,
the repeated-measures analysis revealed a significant effect of sampling day (p < 0.001), re-
flecting seasonal dynamics, while treatment effects remained non-significant. No treatment
× DOY interaction was detected, indicating that both treatments followed comparable tem-
poral trajectories. In 2020, isolated dates exhibited small but significant differences between
treatments, with higher CO2 fluxes under OXY (Figure 3A), although these differences
were not repeated later in the season or in 2021.

DOY 2020

100 150 200 250 300

S
o
il 

H
2
O

 f
lu

x
 (

m
m

o
l 
c
m

−
2
 s

−
1
)

0.0

0.5

1.0

1.5

2.0

2.5

S
o
il 

C
O

2
 f
lu

x
 (

m
m

o
l 
c
m

−
2
 s

−
1
)

0

2

4

6

S
o
il
 C

O
2
 f
lu

x
 (

m
m

o
l 
c
m

−
2
 s

−
1
)

0

2

4

6

A B

C

∗ ∗

DOY 2021

150 200 250 300

S
o

il
 H

2
O

 f
lu

x 
(m

m
o

l 
c
m

−
2

 s
−

1
)

0.0

0.5

1.0

1.5

2.0

2.5

∗

D

Treatment - *

DOY - ***

Treat. x DOY - ns

Treatment - ns

DOY - ***

Treat. x DOY - ns

Treatment- ns

DOY- ***

Treat. x DOY- ns

Treatment - ns

DOY - ***

Treat. x DOY - ns

 

Figure 3. Seasonal evolution of soil CO2 and H2O vapor fluxes (mmol cm−2 s−1) under Control
and OXY treatments in 2020 (A,C) and 2021 (B,D). Closed circles connected by solid lines represent
the Control treatment and open circles connected by solid lines represent the OXY treatment. Each
point represents the mean of 12 measurements per treatment and sampling date (three trees per
block, four blocks). Vertical bars indicate ± standard error (SE). The p-values corresponding to the
effects of treatment, day of year (DOY), and their interaction (treatment × DOY), obtained from
factorial repeated-measures ANOVA in a mixed-model framework, are shown within each panel.
The symbols ns, *, and *** denote non-significant differences, p < 0.05, and p < 0.001, respectively.
Asterisks plotted at individual dates indicate significant differences between treatments on that date
according to Duncan’s test (p < 0.05).

Soil H2O vapor fluxes behaved similarly, decreasing progressively during the summer in
2020 (Figure 3C) and showing higher temporal variability in 2021 (Figure 3D). DOY effects
were again highly significant (p < 0.001) whereas neither treatment nor treatment × DOY
interaction significantly affected H2O vapor emission. As with CO2 fluxes, occasional date-
specific differences in 2020 favored the OXY treatment (Figure 3C), but these did not occur
consistently in 2021.
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Overall, soil CO2 and H2O vapor emissions exhibited strong seasonal dependence
linked to environmental conditions, without evidence of a systematic oxyfertigation effect
across the entire monitoring period.

3.2.3. Soil Chemical Composition

Soil chemical properties, including salinity parameters, soil reaction, and organic
matter, were evaluated under both treatments in 2020 and 2021 (Table 2). Across both
years, the application of oxyfertigation did not alter the chemical composition or fertility of
the soil during the study period as no statistically significant differences were observed
between treatments in any of the measured variables. Moreover, the addition of H2O2

to the irrigation water did not induce significant modifications in soil physicochemical
properties under the tested conditions as both treatments maintained similar salinity levels
and pH values (Table 2), as well as a stable organic matter content.

However, soil salinity, soil reaction, and organic matter parameters showed clear
interannual variability, whereas no significant effects of the year × treatment interactions
were detected for any of the evaluated variables (Table 2). Exchangeable sodium was
significantly affected by year, with higher values recorded in 2021 than in 2020. Soil pH
showed a highly significant year effect, decreasing from moderately alkaline values in 2020
to slightly lower values in 2021, regardless of treatment. Active limestone was significantly
affected by year, with higher values observed in 2021 compared with 2020. Organic matter
and organic carbon also showed significant year effects, increasing from 2020 to 2021.

The detailed soil mineral composition, including primary and secondary macronu-
trients, micronutrients, and the cation exchange capacity (CEC), for the Control and OXY
treatments during the 2020 and 2021 seasons is shown in Table 3. The OXY treatment
maintained similar chemical characteristics and nutrient balance compared with the Con-
trol treatment as the OXY treatment did not significantly affect soil nutrient availability
or exchange capacity in the short term throughout both years. No statistically significant
differences were detected between treatments in any of the evaluated parameters (Table 3).

Most soil fertility parameters remained statistically stable between 2020 and 2021
(Table 3). Assimilable phosphorus was the only macronutrient significantly affected by
year, with higher values recorded in 2020 than in 2021, under both treatments. Among the
micronutrients, only assimilable boron showed a highly significant year effect, increasing
markedly from 2020 to 2021. No significant effects of year × treatment interactions were
detected for any of the nutrients or for cation exchange capacity.

3.2.4. Soil Microbiology and Nematode Phytopathology

The results of soil microbiology and nematode phytopathology showed different
responses depending on the factor considered (Table 4). Regarding nematode phytopathol-
ogy, Tylenchulus spp. populations were significantly affected by treatment. However, the
confidence intervals indicate that Tylenchulus spp. counts are highly variable among trees,
particularly under the OXY treatment (Table S7 Supplementary Materials), which is re-
flected in very wide intervals and even negative lower limits (truncated to 0 for biological
interpretation). Nevertheless, the overall analysis revealed significant differences between
treatments in the mean number of nematodes. In 2020, Tylenchulus spp. density was
substantially higher under the Control than under the OXY treatment. A similar tendency
was observed in 2021. When both years were considered together, oxyfertigation was
consistently associated with lower Tylenchulus spp. populations than Control.

Molds and yeasts were the only soil microbials studied that were significantly affected
by year, with higher values recorded in 2021 than in 2020 under both treatments.
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Table 2. Soil mineral content related to salinity, soil reaction, and organic matter in the 0–30 cm layer for each treatment (Control and OXY) during the last two
seasons of the experiment (2020 and 2021). Values are means ± standard error (SE, n = 4 trees per treatment and year).

Salinity Soil Reaction and Organic Matter

Year Treatment
CE

(mS cm−1)
Chloride

(meq 100 g−1)
Sulfate
(% p/p)

Exchange
Sodium

(meq 100 g−1)
pH

Total
Limestone

(% p/p)

Active
Limestone

(% p/p)

Organic
Matter
(% p/p)

Organic
Carbon
(% p/p)

C/N

2020 Control 0.36 ± 0.01 0.33 ± 0.02 0.04 ± 0.01 0.31 ± 0.03 7.95 ± 0.09 30.20 ± 3.55 10.93 ± 1.31 1.98 ± 0.19 1.15 ± 0.11 6.73 ± 0.35
OXY 0.41 ± 0.02 0.38 ± 0.03 0.04 ± 0.01 0.33 ± 0.05 7.94 ± 0.02 31.43 ± 1.29 11.11 ± 0.36 2.06 ± 0.13 1.20 ± 0.07 6.50 ± 0.19

2021 Control 0.39 ± 0.03 0.43 ± 0.03 0.05 ± 0.01 0.53 ± 0.09 7.45 ± 0.09 35.20 ± 3.00 13.93 ± 0.97 2.68 ± 0.27 1.55 ± 0.16 9.37 ± 0.33
OXY 0.34 ± 0.07 0.34 ± 0.11 0.04 ± 0.01 0.52 ± 0.11 7.31 ± 0.05 35.23 ± 2.45 13.25 ± 0.59 2.35 ± 0.26 1.36 ± 0.15 8.97 ± 0.19

ANOVA
Treatment ns ns ns ns ns ns ns ns ns ns

Year ns ns ns * *** ns * * * ns
Treatment × Year ns ns ns ns ns ns ns ns ns ns

ns, *, and *** indicate non-significant differences, p < 0.05, and p < 0.001, respectively. p-values correspond to the effects of treatment, year, and their interaction obtained from factorial
repeated-measures ANOVA in a mixed-model framework.

Table 3. Soil mineral nutrients (primary and secondary macronutrients, micronutrients, and cation exchange capacity) in the 0–30 cm layer for each treatment
(Control and OXY) during the last two seasons of the experiment (2020 and 2021). Values are means ± standard error (SE, n = 4 trees per treatment and year).

Primary Macronutrients Secondary Macronutrients Micronutrients
Cation Exchange

Capacity

Year Treatment
Total

Nitrogen
(% p/p)

Soluble Nitric
Nitrogen

(mg kg−1)

Soluble Nitrate
(mg kg−1)

Assimilable
Phosphorous

(mg kg−1)

Exchange
Potassium

(meq 100 g−1)

Exchange
Calcium

(meq 100 g−1)

Exchange
Magnesium

(meq 100 g−1)

Assimilable
Boron

(mg kg−1)

C.I.C.
(meq 100 g−1)

2020 Control 0.17 ± 0.01 22.23 ± 1.98 98.6 ± 8.9 148.3 ± 16.4 0.94 ± 0.07 8.80 ± 0.28 3.21 ± 0.22 0.19 ± 0.02 13.30 ± 0.57
OXY 0.18 ± 0.01 22.66 ± 2.93 100.3 ± 13.1 156.3 ± 6.8 1.08 ± 0.09 9.67 ± 0.59 2.82 ± 0.41 0.24 ± 0.01 13.93 ± 1.13

2021 Control 0.17 ± 0.01 40.00 ± 5.03 177.0 ± 22.3 121.3 ± 14.7 1.09 ± 0.08 10.13 ± 0.74 3.89 ± 0.49 0.71 ± 0.06 15.67 ± 1.35
OXY 0.15 ± 0.02 32.13 ± 13.74 142.0 ± 60.7 125.3 ± 8.7 1.05 ± 0.20 10.40 ± 0.77 3.79 ± 0.45 0.67 ± 0.09 15.77 ± 1.53

ANOVA
Treatment ns ns ns ns ns ns ns ns ns

Year ns ns ns * ns ns ns *** ns
Treatment × Year ns ns ns ns ns ns ns ns ns

ns, *, and *** indicate non-significant differences, p < 0.05, and p < 0.001, respectively. p-values correspond to the effects of treatment, year, and their interaction obtained from factorial
repeated-measures ANOVA in a mixed-model framework.
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Table 4. Soil microbiology and nematode phytopathology in the 0–30 cm layer for each treatment (Control and OXY) during the last two seasons of the experiment
(2020 and 2021). Values are means ± standard error (SE, n = 4 trees per treatment and year).

Soil Microbiology Nematode Phytopathology

Year Treatment
Aerobic

Mesophilic
(ufc g−1)

Molds and Yeasts
(ufc g−1)

Actinomycetes
(ufc g−1)

Tylenchulus spp.
(Nematode 100 g−1)

Saprophytic Soil
Nematodes

(Nematode 100 g−1)

2020 Control 17,733,333 ± 3,055,050 44,000 ± 5508 106,667 ± 3333 2144.7 ± 146.5 174.0 ± 37.7
OXY 21,000,000 ± 5,544,166 57,000 ± 15,000 126,667 ± 3333 719.7 ± 607.0 101.7 ± 126.2

2021 Control 28,000,000 ± 3,333,333 130,000 ± 577 456,667 ± 577 931.0 ± 227.4 107.0 ± 21.9
OXY 24,666,667 ± 9,848,858 95,000 ±10,000 226,667 ± 10,000 574.0 ± 547.4 67.7 ± 35.2

ANOVA
Treatment ns ns ns * ns

Year ns *** ns ns ns
Treatment × Year ns ns ns ns ns

ns, *, and *** indicate non-significant differences, p < 0.05, and p < 0.001, respectively. p-values correspond to the effects of treatment, year, and their interaction obtained from factorial
repeated-measures ANOVA in a mixed-model framework.

https://doi.org/10.3390/agriculture16010075

https://doi.org/10.3390/agriculture16010075


Agriculture 2026, 16, 75 16 of 33

3.3. Effects of Oxyfertigation in the Plant

3.3.1. Plant Water Relations and Leaf Gas Exchange

During the experimental period (2018–2021), the seasonal change in midday stem
water potential (Ψstem) displayed strong seasonal dynamics driven by environmental con-
ditions, particularly rainfall events and evaporative demand (Figure 4A–D). The factorial
repeated-measures ANOVA revealed highly significant day effects across all seasons, in-
dicating marked temporal autocorrelation and reflecting physiological adjustments to
changing atmospheric and soil conditions. Treatment effects were generally non-significant
across years, and a non-significant treatment × DOY interaction was detected during 2019,
2020, or 2021. This demonstrates that both irrigation strategies followed similar temporal
trajectories and that oxyfertigation did not systematically modify Ψstem under these field
conditions. However, in 2018, a significant treatment × DOY interaction was detected,
indicating that oxyfertigation transiently affected Ψstem at specific sampling dates within
that season. On those isolated days, oxyfertigated trees showed a slightly less negative
water potential than control trees, suggesting reduced midday stress. Nonetheless, the
magnitude and duration of these differences were episodic and did not persist across
subsequent seasons. Isolated comparisons at individual dates in 2021 also showed occa-
sional significant differences between treatments, but these were not systematic and did not
produce a consistent seasonal shift. Overall, short-term divergences between treatments
were rare and transient, and they did not accumulate into a year-level effect.
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Figure 4. Seasonal evolution of midday stem water potential (Ψstem) and rainfall (A–D) for each
treatment (Control and OXY) during the experimental period (2018 to 2021). Symbols represent
the mean Ψstem of 12 trees per treatment and sampling date; vertical bars indicate ± standard error
(SE). The p-values corresponding to the effects of treatment, day of year (DOY), and their interaction
(treatment × DOY), obtained from factorial repeated-measures ANOVA in a mixed-model framework,
are given within each panel. The symbols ns, *, and *** denote non-significant differences, p < 0.05,
and p < 0.001, respectively. Asterisks plotted at individual dates indicate significant differences
between treatments on that date according to Duncan’s test (p < 0.05).
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Throughout the 2018–2021 seasons, leaf gas exchange variables showed pronounced
seasonal variation, driven mainly by climatic conditions and crop phenology (Figure 5).
The repeated-measures ANOVA revealed highly significant day effects for all variables,
confirming strong temporal dependence associated with changing atmospheric demand.

 A
C

O
2

 (
µ

m
o
l 
C

O
2
 m

−
2
 s

−
1
 )

4

6

8

10

12

14

16

Control 

OXY

g
S
 (

m
o
l 
H

2
O

 m
−

2
 s

−
1
 )

0.05

0.10

0.15

0.20

Control 

OXY

DOY 2018

100 150 200 250 300

E
le

a
f (

m
m

o
l 
H

2
O

 m
−
2
s

−
1
)

0

1

2

3

4

5

Control 

OXY

*

*

Control 

OXY

Control 

OXY

DOY 2019

100 150 200 250 300

Control 

OXY

**

*

Control 

OXY 

*    *      *

Control 

OXY

*   *      *

DOY 2020

100 150 200 250 300

Control 

OXY 

*            *     *      *

 A
C

O
2

 (
µ

m
o
l 
C

O
2
 m

−
2
 s

−
1
 )

4

6

8

10

12

14

16

Control 

OXY 

g
S
 (

m
o

l 
H

2
O

 m
−

2
 s

−
1
 )

0.05

0.10

0.15

0.20

Control 

OXY

DOY 2021

100 150 200 250 300

E
le

a
f (

m
m

o
l 
H

2
O

 m
−
2
s

−
1
)

0

1

2

3

4

5

Control 

OXY 

 *    *   *         *     *

*    *   *   *    *     *

*   *    *        *     *

A

B

C

D

E

F

G

H

I

J

K

L

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

Treatment - ns
DOY- ***

Treat. x DOY- ns

 

Figure 5. Seasonal change in leaf CO2 assimilation rate (ACO2, µmol CO2 m−2 s−1), stomatal
conductance (gs, mol H2O m−2 s−1), and transpiration rate (Eleaf, mmol H2O m−2 s−1) for each
treatment (Control and OXY) during the 2018 (A–C), 2019 (D–F), 2020 (G–I), and 2021 (J–L) seasons.
Each symbol represents the mean of 12 measurements per treatment and sampling date. Vertical
bars indicate ± standard error (SE). The p-values corresponding to the effects of treatment, day of
year (DOY), and their interaction (treatment × DOY), obtained from factorial repeated-measures
ANOVA in a mixed-model framework, are shown within each panel. The symbols ns, and *** denote
non-significant differences, and p < 0.001, respectively. Asterisks plotted at individual dates indicate
significant differences between treatments on that date according to Duncan’s test (p < 0.05).

Treatment effects on ACO2, gs, and Eleaf were not statistically significant at the seasonal
scale, and no treatment × day interaction was detected for most years, indicating that
oxyfertigation did not systematically modify leaf-level gas exchange dynamics under field
conditions. Nevertheless, isolated differences between treatments were detected at specific
sampling dates, particularly during high evaporative demand, with oxyfertigated trees
often showing slightly higher ACO2, gs and Eleaf than the control. However, these point-level
contrasts did not accumulate into a consistent treatment effect when evaluated across the
crop cycle.

Seasonal variation in intrinsic leaf water use efficiency (ACO2/gs) showed marked
temporal dynamics across all growing seasons (Figure 6A,C,E,G). The repeated-measures
ANOVA indicated a strong day effect whereas treatment effects remained non-significant,
with no sustained treatment × DOY. Transient differences between treatments were de-
tected only at isolated sampling dates, particularly under peak evaporative demand, but
these did not persist across years. Instantaneous leaf water use efficiency (ACO2/Eleaf) also
displayed high temporal variability at the beginning of each season and progressively
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stabilized during mid-season (Figure 6B,D,F,H). The day effect was significant, confirming
the strong environmental control on leaf-level WUE (water use efficiency), while neither
treatment nor treatment × DOY interaction effects were significant. Occasional point differ-
ences were observed under specific conditions but were not recurrent across seasons. In
general, oxyfertigation did not induce a sustained improvement in ACO2/gs or ACO2/Eleaf

at the leaf scale. Seasonal trajectories were primarily driven by atmospheric demand and
water availability, indicating that any physiological benefits associated with improved root
aeration were episodic and context-dependent rather than consistent over time.
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Figure 6. Seasonal evolution of intrinsic leaf water use efficiency (ACO2/gs, µmol CO2 mol−1 H2O)
and instantaneous leaf water use efficiency (ACO2/Eleaf, µmol CO2 mmol−1 H2O) and for each
treatment (Control and OXY) during 2018 (A,B), 2019 (C,D), 2020 (E,F), and 2021 (G,H). Each symbol
represents the mean of 12 measurements per treatment and sampling date. Vertical bars indicate
± standard error (SE). The p-values corresponding to the effects of treatment, day of year (DOY),
and their interaction (treatment × DOY), obtained from factorial repeated-measures ANOVA in
a mixed-model framework, are shown within each panel. The symbols ns, * and *** denote non-
significant differences, p < 0.05 and p < 0.001, respectively. Asterisks plotted at individual dates
indicate significant differences between treatments on that date according to Duncan’s test (p < 0.05).

3.3.2. Crop Growth

The absolute growth rate of the trunk cross–sectional area (AGRTrunk) showed a clear
interannual decline over the experimental period, with highly significant year effects but
no significant treatment effect or treatment × year interaction (Table 5). Mean AGRTrunk

values were similar between treatments within each season, and accumulated trunk growth
over 2018–2021 did not differ appreciably between Control and OXY.

In contrast, fresh pruning weight was significantly affected by both year (p < 0.001) and
treatment (p < 0.05), with no significant treatment × year interaction. From 2019 onwards,
OXY trees consistently exhibited higher pruning biomass than Control trees, particularly
in 2020, when pruning weight reached 18.0 ± 1.50 kg tree−1 in OXY compared with
14.0 ± 1.58 kg tree−1 in Control. Over the 2019–2021 period, accumulated pruning weight
was greater under OXY (39.8 ± 3.04 kg tree−1) than under Control (33.2 ± 2.43 kg tree−1),
indicating a sustained stimulation of vegetative growth under oxyfertigation.
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Table 5. Absolute growth rate of the trunk cross-sectional area (AGRTrunk, cm2 year−1) and fresh
pruning weight (kg tree−1) for each treatment (Control and OXY) during the experimental period
(2018–2021). Values are means ± standard error (SE, n = 12 trees per treatment and year).

Year Treatment
AGRTrunk

(cm2 Year−1)
Fresh Pruning Weight

(kg Tree−1)

2018 Control 10.1 ± 1.10 -
OXY 7.8 ± 1.52 -

2019 Control 10.2 ± 1.24 12.2 ± 0.91
OXY 11.5 ± 2.12 14.6 ± 1.58

2020 Control 7.6 ± 0.99 14.0 ± 1.58
OXY 8.5 ± 1.52 18.0 ± 1.50

2021 Control 4.4 ± 0.52 7.1 ± 0.82
OXY 6.3 ± 0.93 7.2 ± 0.70

2018–2021 2019–2021
Accumulated Control 22.2 ± 2.40 33.2 ± 2.43

OXY 22.5 ± 3.16 39.8 ± 3.04
ANOVA

Treatment ns *
Year *** ***

Treatment × Year ns ns
ns, *, and *** indicate non-significant differences, p < 0.05, and p < 0.001, respectively. p-values correspond
to the effects of treatment, year, and their interaction obtained from factorial repeated-measures ANOVA in a
mixed-model framework. Accumulated values are presented for descriptive purposes and were not included in
the ANOVA.

3.3.3. Root Biomass Distribution

At the end of the experimental period (November 2021), no statistically significant
differences were detected between treatments for root dry weight at any soil depth or root
fraction (Table 6). Fine root biomass values in the surface layer (0–15 cm) were similar
between treatments, averaging 0.67 × 102 g cm−3 in Control and 0.65 × 102 g cm−3 g
under OXY. In contrast, thick root biomass in this layer showed a slight, non-significant
increase in the OXY treatment (0.22 × 102 g cm−3 vs. 0.13 × 102 g cm−3). In the deeper
layer (15–30 cm), oxyfertigated trees exhibited greater root accumulation, particularly in the
thick root fraction (1.64 × 102 g cm−3 vs. 0.10 × 102 g cm–3 in Control) although variability
prevented statistical significance. Overall, the total root biomass tended to be greater in
oxyfertigated trees (2.87 × 102 g cm−3) than in Control (1.20 × 102 g cm−3), suggesting a
positive but non-significant trend associated with H2O2 enriched irrigation water, due to
the strong dispersion of the data (Table S7 Supplementary Materials).

Table 6. Root dry weight (×102 g cm−3) of fine and thick roots at two soil depths for each treat-
ment (Control and OXY) at the end of the experimental period (November 2021). Values are
means ± standard error (SE, n = 4 trees per treatment).

2021
Fine

0–15 cm
Thick

0–15 cm
Total

0–15 cm
Fine

15–30 cm
Thick

15–30 cm
Total

15–30 cm
Total Fine Total Thick Total

Control 0.67 ± 0.14 0.13 ± 0.07 0.80 ± 0.15 0.30 ± 0.08 0.10 ± 0.08 0.39 ± 0.12 0.97 ± 0.15 0.23 ± 0.11 1.20 ± 0.04
OXY 0.65 ± 0.17 0.22 ± 0.11 0.86 ± 0.12 0.37 ± 0.15 1.64 ± 1.44 2.01 ± 1.39 1.02 ± 0.32 1.86 ± 1.55 2.87 ± 1.39

ANOVA ns ns ns ns ns ns ns ns ns

ANOVA (one-way, treatment effect): ns for all variables. ‘ns’ indicates not significant differences at p< 0.05.
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3.3.4. Leaf Mineral Nutrition

Across the four years, very few significant differences were detected between treat-
ments for most macro- and micronutrients, indicating that oxyfertigation did not markedly
alter leaf mineral composition (Table 7). Only Mg content was consistently lower under
the OXY treatment than under the Control whereas the remaining nutrients remained
statistically similar between treatments. In general, although oxyfertigation modified Mg
concentration, its net impact on the nutritional status of citrus was limited under the
studied conditions.

However, the leaf mineral composition of ‘Ortanique’ mandarin trees showed a
marked interannual variability for most macro- and micronutrients (Table 7). Leaf N,
P, and Mg contents were significantly affected by year, with values fluctuating across sea-
sons. Sodium showed a significant year effect, with higher concentrations in 2018 and lower
values in subsequent years, independently of treatment. All evaluated micronutrients (Fe,
Cu, Mn, Zn, and B) were significantly affected by year, with values fluctuating across
seasons. No significant treatment effects or year × treatment interactions were detected for
any of the macro- or micronutrients.

3.3.5. Yield

The effect of adding H2O2 to the irrigation water on the yield parameters of ‘Ortanique’
mandarin trees was evaluated during the 2018–2021 experimental period (Table 8). Fruit
yield showed marked interannual variability, with a highly significant year effect (p < 0.001)
but no significant treatment or treatment × year interaction. In all four seasons, OXY
trees exhibited numerically higher yields than Control trees, although these differences
did not reach statistical significance; cumulative yield over 2018–2021 increased from
289.1 ± 27.3 kg tree−1 in Control to 326.2 ± 26.1 kg tree−1 under OXY.

In contrast, fruit load and crop water use efficiency (YWUE) were significantly af-
fected by both treatment and year (p < 0.05 and p < 0.001, respectively), with no significant
treatment × year interaction. OXY trees consistently produced more fruits per tree than
Control trees from 2019 onwards, leading to a higher cumulative fruit number in OXY
(2030 ± 178 fruit tree−1) compared with Control (1725 ± 174 fruit tree−1) over the four
years. Mean fruit weight decreased progressively over time in both treatments, with a
strong year effect (p < 0.001) but no treatment effect, indicating a compensatory trade-off
between fruit number and size. YWUE followed a similar pattern to yield, with signifi-
cantly higher values under OXY in all years, resulting in an increase from 11.2 ± 1.06 to
12.9 ± 1.03 kg m−3 in the multi-year means, thus confirming a consistent improvement in
water productivity under oxyfertigation. When cumulative production over the four-year
period was considered, cumulative yield increased by approximately 13% and the total
fruit number by about 18% under oxyfertigation. Effect sizes (Hedges’ g) for the yield,
fruit number, mean fruit weight, and YWUE, by year and accumulated, are presented in
Figure S1. The corresponding Cohen’s d/Hedges’ g numerical values are provided in
Supplementary Table S13.
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Table 7. Leaf mineral composition (primary and secondary macronutrients and microelements) of ‘Ortanique’ mandarin trees for each treatment (Control and OXY)
during the experimental period (2018–2021). Values are means ± standard error (SE, n = 12 trees per treatment and year).

Primary Macronutrients Secondary Macronutrients Microelements

Year Treatment N (%) P (%) K (%) Ca (%) Mg (%) Na (%) Fe (ppm) Cu (ppm) Mn (ppm) Zn (ppm) B (ppm)

2018 Control 2.61 ± 0.12 0.147 ± 0.004 0.33 ± 0.02 4.49 ± 0.14 0.62 ± 0.01 0.18 ± 0.02 79 ± 2.2 16 ± 1.6 35 ± 2.1 34 ± 2.6 271 ± 13
OXY 2.62 ± 0.14 0.149 ± 0.004 0.36 ± 0.03 4.22 ± 0.20 0.60 ± 0.02 0.24 ± 0.04 84 ± 5.8 18 ± 2.2 38 ± 1.9 37 ± 4.1 272 ± 11

2019 Control 2.77 ± 0.04 0.128 ± 0.004 0.35 ± 0.03 4.24 ± 0.15 0.52 ± 0.01 0.13 ± 0.01 65 ± 2.0 23 ± 1.7 23 ± 2.2 19 ± 1.0 275 ± 9
OXY 2.87 ± 0.02 0.129 ± 0.003 0.44 ± 0.04 4.28 ± 0.13 0.50 ± 0.02 0.17 ± 0.02 72 ± 2.1 24 ± 1.2 23 ± 2.0 21 ± 1.3 281 ± 15

2020 Control 2.60 ± 0.05 0.111 ± 0.003 0.41 ± 0.04 4.20 ± 0.11 0.49 ± 0.01 0.09 ± 0.01 61 ± 2.6 22 ± 0.8 25 ± 1.1 19 ± 1.3 234 ± 14
OXY 2.63 ± 0.02 0.112 ± 0.002 0.40 ± 0.04 4.45 ± 0.15 0.45 ± 0.01 0.08 ± 0.01 62 ± 2.2 25 ± 1.6 27 ± 1.7 20 ± 0.8 268 ± 12

2021 Control 2.87 ± 0.04 0.145 ± 0.003 0.41 ± 0.03 4.91 ± 0.09 0.57 ± 0.01 0.09 ± 0.01 80 ± 4.2 21 ± 2.1 20 ± 0.8 26 ± 1.1 289 ± 10
OXY 2.93 ± 0.03 0.143 ± 0.004 0.41 ± 0.04 5.01 ± 0.08 0.56 ± 0.01 0.09 ± 0.01 86 ± 4.4 20 ± 1.6 21 ± 1.5 26 ± 0.9 300 ± 9

ANOVA
Treatment ns ns ns ns ** ns ns ns ns ns ns

Year *** *** ns *** *** *** *** *** *** *** **
Treatment × Year ns ns ns ns ns ns ns ns ns ns ns

ns, **, and *** indicate non-significant differences, p < 0.01, and p < 0.001, respectively. p-values correspond to the effects of treatment, year, and their interaction obtained from factorial
repeated-measures ANOVA in a mixed-model framework.
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Table 8. Yield parameters (yield, fruit load, and mean fruit weight) and crop water use efficiency
(YWUE) for each treatment (Control and OXY) during the experimental period (2018–2021). Values
are means ± standard error (SE, n = 12 trees per treatment and year).

Year Treatment
Yield

(kg Tree–1)
Fruit Load

(nº Fruit Tree–1)
Fruit Weight

(g)
YWUE

(kg m–3)

2018 Control 77.9 ± 8.4 416 ± 56 197.9 ± 8.0 11.0 ± 1.20
OXY 79.3 ± 6.2 421 ± 45 199.0 ± 10.8 12.1 ± 0.95

2019 Control 53.0 ± 9.3 270 ± 51 211.8 ± 9.8 8.4 ± 1.48
OXY 64.6 ± 10.1 336 ± 55 198.2 ± 8.8 10.2 ± 1.59

2020 Control 64.6 ± 7.2 404 ± 52 168.8 ± 7.9 9.6 ± 1.07
OXY 79.2 ± 7.1 548 ± 61 152.0 ± 6.9 11.8 ± 1.06

2021 Control 93.6 ± 7.4 635 ± 56 150.1 ± 5.2 16.4 ± 1.30
OXY 103.1 ± 8.8 725 ± 78 146.8 ± 5.2 18.1 ± 1.55

Accumulated Accumulated Mean Mean
2018–2021 Control 289.1 ± 27.3 1725 ± 174 170.6 ± 4.3 11.2 ± 1.06

OXY 326.2 ± 26.1 2030 ± 178 162.7 ± 3.3 12.9 ± 1.03
ANOVA

Treatment ns * ns *
Year *** *** *** ***

Treatment × Year ns ns ns ns

ns, *, and *** indicate non-significant differences, p < 0.05, and p < 0.001, respectively. p-values correspond
to the effects of treatment, year, and their interaction obtained from factorial repeated-measures ANOVA in a
mixed-model framework. Accumulated and mean values are presented for descriptive purposes and were not
included in the ANOVA.

3.3.6. Fruit Quality

Oxyfertigation may influence specific aspects of fruit quality in ‘Ortanique’ mandarin
trees’ development and composition (Table 9). Fruit physical attributes (diameter, height,
and external color index) showed strong interannual variation (p < 0.001) but were not
significantly affected by treatment or treatment × year interaction. Peel thickness exhibited
a significant year effect (p < 0.001) and a modest treatment × year interaction (p < 0.05),
with OXY-treated fruit showing slightly thicker peels in 2018 and 2021, whereas differences
were reduced in 2019 and absent in 2020.

Juice percentage displayed the strongest treatment × year response (p < 0.001). In
2019 and 2020, fruit from OXY trees had significantly lower juice content than controls
while no treatment effect occurred in 2018 or 2021. These shifts were mirrored by pulp
proportion, which varied across seasons (p < 0.001) without a significant interaction, and
by peel proportion, where a clear treatment × year interaction was detected (p < 0.001) due
to alternating shifts in peel allocation between treatments across years.

Total soluble solids (TSS) were mainly driven by year (p < 0.001) and showed a weak
treatment × year interaction (p < 0.05), with OXY-treated fruit displaying slightly higher
TSS in 2020 but lower values in 2019. Titratable acidity increased significantly in OXY fruits
(p < 0.01) and was strongly influenced by year (p < 0.001), although no treatment × year
interaction was detected. The maturity index decreased significantly under oxyfertigation
(p < 0.05) and exhibited a pronounced year effect (p < 0.001), but no treatment × year
interaction was observed.

Taken together, fruit quality was dominated by seasonal drivers, with only episodic
treatment effects that did not persist across years. Oxyfertigation influenced specific
compositional traits such as juice percentage, peel allocation, acidity, and maturity index
in certain seasons, but did not consistently modify whole-fruit physical or organoleptic
quality across the experimental period.
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Table 9. Fruit quality parameters (diameter, height, external color index, peel thickness, juice, pulp and peel contents, total soluble solids, titratable acidity,
and maturity index) of ‘Ortanique’ mandarin fruits for each irrigation treatment (Control and OXY) during the experimental period (2018–2021). Values
are means ± standard error (SE, n = 12 trees per treatment and year).

Year Treatment
Diameter

(mm)
Height
(mm)

External
Color Index

Peel Thickness
(mm)

Juice
(%)

Pulp
(%)

Peel
(%)

Total Soluble
Solids (◦Brix)

Titratable
Acidity (g L–1)

Maturity
Index

2018 Control 80.5 ± 0.8 64.4 ± 0.7 19.8 ± 0.2 3.05 ± 0.09 bc 54.8 ± 0.5 a 3.4 ± 0.12 41.6 ± 0.6 c 12.4 ± 0.2 bc 11.4 ± 0.3 10.0 ± 0.20
OXY 81.6 ± 1.4 64.7 ± 0.9 20.5 ± 0.2 3.24 ± 0.09 ab 52.7 ± 0.8 a 3.3 ± 0.14 43.5 ± 0.8 c 12.2 ± 0.2 c 12.6 ± 0.2 9.7 ± 0.18

2019 Control 82.0 ± 0.8 65.0 ± 0.7 20.1 ± 0.4 3.34 ± 0.11 a 48.5 ± 0.9 b 2.8 ± 0.16 47.7 ± 1.0 b 11.1 ± 0.1 d 12.7 ± 0.3 8.1 ± 0.19
OXY 80.8 ± 0.9 64.2 ± 0.9 19.6 ± 0.2 3.15 ± 0.08 abc 43.3 ± 1.4 d 2.7 ± 0.06 53.0 ± 1.4 a 10.9 ± 0.2 d 14.7 ± 0.2 7.4 ± 0.15

2020 Control 75.7 ± 2.1 58.9 ± 1.8 18.8 ± 0.7 2.74 ± 0.08 de 42.9 ± 0.8 d 4.6 ± 0.81 51.4 ± 0.1 a 12.6 ± 0.20 bc 16.1 ± 0.3 7.3 ± 0.13
OXY 74.5 ± 1.7 57.8 ± 1.5 19.3 ± 0.5 2.51 ± 0.11 e 45.2 ± 0.8 cd 4.7 ± 0.90 49.0 ± 0.1 b 13.4 ± 0.3 a 18.7 ± 0.6 7.2 ± 0.20

2021 Control 76.2 ± 1.2 57.2 ± 0.8 16.5 ± 0.3 2.65 ± 0.07 e 48.1 ± 0.7 b 2.4 ± 0.07 48.4 ± 0.6 b 12.6 ± 0.1 bc 15.1 ± 0.2 7.7 ± 0.09
OXY 75.2 ± 0.9 56.3 ± 0.5 17.0 ± 0.3 2.98 ± 0.08 cd 47.2 ± 0.5 bc 2.9 ± 0.20 48.8 ± 0.6 b 12.9 ± 0.2 ab 16.9 ± 0.5 7.7 ± 0.16

ANOVA
Treatment ns ns ns ns * ns * ns ** *

Year *** *** *** *** *** *** *** *** *** ***
Treatment × Year ns ns ns * *** ns *** * ns ns

ns, *, ** and *** indicate non-significant differences, p < 0.05, p < 0.01 and p < 0.001, respectively. Different lowercase letters within a column indicate significant differences among
year × treatment combinations according to Duncan’s test (p < 0.05). p-values correspond to the effects of treatment, year, and their interaction obtained from factorial repeated-measures
ANOVA in a mixed-model framework.
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4. Discussion

This study provided one of the first long-term field assessments of oxyfertigation
in mature citrus trees under Mediterranean semi-arid conditions. Our working hypoth-
esis proposed that increasing the concentration of dissolved oxygen in irrigation water
through the application of H2O2 would enhance soil aeration, stimulate root activity, and
improve physiological performance and YWUE in mature citrus trees. In the present study,
the continuous application of H2O2 through irrigation water significantly increased the
DO concentration and ODR in the soil (Figure 2), confirming the first part of the hypoth-
esis, showing that oxyfertigation effectively improves rhizosphere aeration under field
conditions and establishes the basis for a physiological and agronomic study.

4.1. Soil Oxygenation and Microbial Response

Oxyfertigation with H2O2 markedly increased dissolved oxygen (DO) in irrigation
water and soil oxygen diffusion rate (ODR), confirming its effectiveness in improving
rhizosphere aeration under drip irrigation, the first part of the hypothesis (Figure 2).
However, we did not measure continuous soil O2 profiles or redox potential; rhizosphere
oxygen status was inferred from ODR and DO in irrigation water. The significant treatment
× DOY interaction for DO in both years, and for ODR in 2021, indicates that these effects
were episodic and more evident under conditions favoring O2 depletion, such as high soil
moisture and temperature. This agrees with the dynamic nature of soil aeration, strongly
influenced by irrigation frequency, texture, and evaporative demand [55]. Our results align
with previous findings in hydroponic and soil systems, where H2O2 decomposition rapidly
increased O2 availability [29,30]. Similar responses were reported in field soils with high
organic matter [25], although the magnitude was lower than in controlled environments,
likely due to slower O2 diffusion and higher microbial consumption typical of orchard soils.
This suggests that soil texture and organic matter modulate oxyfertigation efficiency under
real conditions. Importantly, oxyfertigation did not permanently alter seasonal aeration
patterns but alleviated short-term hypoxia during periods of restricted gas exchange.
Therefore, it should be considered a complementary practice to mitigate transient aeration
constraints rather than a structural modifier of root physiology in mature citrus orchards
under semi-arid conditions.

Soil CO2 and H2O vapor fluxes exhibited strong seasonal dynamics (Figure 3), peak-
ing in late spring and declining toward summer, driven mainly by soil temperature and
moisture [56–58]. Repeated-measures ANOVA confirmed that day of year was the domi-
nant factor (p < 0.001) while treatment and its interaction with time were not significant.
Thus, oxyfertigation did not alter the overall trajectory of soil gas fluxes, which remained
controlled by environmental conditions and irrigation regime. Occasional increases in CO2

and H2O fluxes under OXY in 2020 suggest the transient stimulation of microbial or root
respiration when improved aeration coincided with favorable moisture and temperature,
but these effects were not sustained. This agrees with evidence that O2-enriched irrigation
enhances soil respiration only under suboptimal aeration and that responses are episodic,
modulated by soil physical properties and water content [59–61]. In our calcareous orchard,
chronic hypoxia was unlikely; oxyfertigation acted as a situational enhancer rather than a
structural driver of seasonal CO2 efflux.

Beyond physical aeration, oxyfertigation showed a limited impact on major microbial
groups: aerobic mesophiles and actinomycetes remained unaffected (Table 4), indicating
that the transient release of O2 and reactive species during H2O2 decomposition did not
induce stable population shifts. In contrast, Tylenchulus spp. densities were consistently
lower under OXY across seasons, without treatment × year interaction, suggesting a robust
effect under varying conditions. This nematode is a key citrus pest linked to reduced root
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function and vigor [62–64]. The nematicidal properties of H2O2, previously documented
for Meloidogyne javanica on tomato [65], support the hypothesis that oxidative stress and
hydroxyl radicals impair nematode survival. Saprophytic nematodes were not affected,
indicating that oxyfertigation did not disrupt free-living nematode communities, which
play a key role in nutrient cycling and soil food-web dynamics [66,67]. This selective
suppression of phytoparasitic nematodes, combined with neutrality toward beneficial
groups, is ecologically advantageous and positions oxyfertigation as a potential comple-
mentary tool in integrated pest management. From an agronomic perspective, this dual
effect, improved aeration and reduced parasitic nematodes, adds value beyond physiolog-
ical benefits. However, spatial heterogeneity and the short monitoring window warrant
multi-year, multi-site validation to confirm reliability and economic relevance. Finally,
the year effect observed for molds and yeasts reflects strong climatic control over fungal
activity, consistent with previous reports linking heterotrophic dynamics to moisture pulses
and temperature variability [56,68]. In addition to this climatic influence, a progressive
acclimation of microbial communities may also have attenuated the stimulatory effect of
oxyfertigation in 2021, reducing treatment contrasts relative to 2020.

4.2. Nutrient Dynamics and Soil-Plant Interactions

Oxyfertigation with H2O2 did not significantly alter salinity or basic fertility in this
calcareous citrus soil. Electrical conductivity, chloride, sulfate, and exchangeable Na+

remained low and statistically similar between treatments (Table 2), indicating that H2O2

addition did not induce secondary salinization or disrupt ionic balance. This stability
agrees with reports from Mediterranean citrus orchards on calcareous Fluvisols, where
high carbonate content and moderate CEC buffer short-term changes in EC and exchange-
able cations under drip irrigation [69]. Year effects on pH, active CaCO3, organic mat-
ter, and organic C, independent of treatment, reflect the dominant influence of climate
and management over any direct impact of oxyfertigation. Similar interannual shifts in
pH and organic fractions have been documented in irrigated Mediterranean orchards,
driven by rainfall variability, residue inputs, and tillage against a chemically buffered
calcareous matrix [69].

Macronutrient and micronutrient contents in the 0–30 cm layer showed no treatment
effect and only limited year effects for assimilable P and B (Table 3). The decline in Olsen
P in 2021 was consistent with crop uptake and P fixation in carbonate-rich soils, where
Ca–P precipitation and sorption drive fluctuations in available P according to fertilization
and moisture regime rather than small changes in root-zone aeration [70]. Conversely,
the marked increase in extractable B reflected its high sensitivity to irrigation quality and
episodic leaching by intense rainfall, leading to temporal accumulation or dilution without
major changes in other nutrients [70]. These findings indicate that soil nutrient availability
and salinity were primarily controlled by soil type, climate, and irrigation water quality
while oxyfertigation with H2O2 behaved as a chemically neutral practice at the soil level.

Taken together, soil and leaf data indicate that oxyfertigation was chemically and
nutritionally neutral under the conditions of this study. Physiological and agronomic
responses were therefore mediated not by changes in bulk nutrient supply but by improved
rhizosphere oxygenation.

4.3. Plant Physiological Responses

Seasonal patterns of midday stem water potential (Ψstem) were driven mainly by
environmental factors rather than oxyfertigation. The day of the year had a highly sig-
nificant effect in all seasons while treatment and its interaction with time were generally
non-significant, except in 2018, when a transient interaction suggested the short-term miti-
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gation of midday stress under OXY during periods of high evaporative demand and soil
moisture (Figure 4A,D). This behavior aligns with the well-documented sensitivity of citrus
water status to atmospheric demand and soil water availability in drip-irrigated orchards,
where Ψstem closely tracks vapor pressure deficit and irrigation regime, and only diverges
between treatments under strong or prolonged water deficits [71]. In this study, irrigation
scheduling maintained favorable soil moisture, so root hypoxia was likely intermittent, and
additional O2 from H2O2 did not produce a persistent difference in Ψstem.

Similarly, seasonal gas exchange patterns were dominated by environmental drivers,
and oxyfertigation did not consistently modify whole-season physiological performance
(Figure 5). Occasional treatment differences suggest that improved aeration may transiently
stimulate leaf gas exchange under specific conditions, but these responses were episodic
and did not accumulate into sustained physiological gains. Increases in gs and Eleaf indicate
improved stomatal regulation and water transport while higher ACO2 reflects greater
photosynthetic efficiency. Comparable short-term improvements have been reported in
grapevine [25] and potato [33], where moderate H2O2 doses have enhanced photosynthesis
and root aeration.

Seasonal variation in leaf water use efficiency was pronounced across all years, re-
flecting strong environmental control rather than treatment effects (Figure 6). Statistical
analysis confirmed significant day effects while treatment and its interaction with time were
non-significant. Occasional differences at specific dates suggest that improved aeration
may briefly influence stomatal behavior and the carbon–water balance, but these responses
were short-lived and did not accumulate into sustained improvements. This pattern is con-
sistent with findings in Mediterranean orchards, where leaf water use efficiency is primarily
governed by vapor-pressure deficit and soil moisture [71,72]. Similar context-dependent
responses have been reported in woody crops under oxygen-enriched irrigation, where
physiological benefits were transient and did not translate into long-term gains [37]. The
lack of sustained gains in leaf-scale WUE under OXY likely reflects a disproportionate
increase in stomatal conductance and transpiration relative to CO2 assimilation, a response
consistent with the conservative water-use strategy of citrus, where stomata are highly sen-
sitive to atmospheric demand. Under the conditions of this study, oxyfertigation provided
only short-term improvements in leaf water use efficiency without generating sustained
benefits throughout the season.

Vegetative growth responses were more consistent than physiological ones. The
significant treatment effect detected for fresh pruning biomass indicates that oxyfertigation
enhanced canopy vigor (Table 5). Higher pruning weights under OXY across seasons
suggest greater shoot and leaf production, likely supported by the transient improvements
in water status and gas exchange observed earlier. Comparable long-term biomass gains
have been reported in avocado and cotton following H2O2 application [32,35], reinforcing
the idea that improved rhizosphere oxygenation can gradually favor carbon allocation in
perennial species. The absence of a treatment × year interaction for pruning biomass shows
that this stimulatory effect was relatively stable across seasons despite marked interannual
variability in absolute values. From an agronomic perspective, increased vegetative growth
under oxyfertigation may benefit canopy renewal and future fruiting potential, although
it could also require more intensive pruning management. In contrast, trunk growth
was strongly influenced by year, reflecting the dominant role of tree age, climate, and
seasonal growth dynamics. The progressive decline from 2018 to 2021 is consistent with
the physiological behavior of mature citrus trees, where radial growth decreases as trees
approach full canopy development [73].

No significant differences in root dry weight were detected between treatments
(Table 6), which is consistent with the high spatial heterogeneity typical of mature cit-
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rus root systems. Local variability in soil structure, water availability, and emitter position
generates strong vertical and horizontal differences in root density, with coefficients of
variation often exceeding 40–50% even within a single management unit [74]. This hetero-
geneity, combined with the limited number of soil cores that can be sampled destructively
in commercial orchards, makes detecting treatment effects difficult unless differences are
very large.

In this study, thick root biomass and total root dry weight tended to be higher under
oxyfertigation, especially in the 15–30 cm layer, but variability prevented statistical signifi-
cance. This trend is physiologically plausible and aligns with evidence from O2-enriched
irrigation, where improved rhizosphere aeration enhanced root growth and aboveground
biomass [5,25,35]. Fine roots in citrus are highly sensitive to hypoxia, supporting the hy-
pothesis that alleviating transient O2 limitations near emitters may favor secondary root
development and deeper soil exploration, even if responses are not uniform across trees [5].
Under the conditions of this study, oxyfertigation did not produce a statistically robust
effect at the orchard scale, and the observed variability highlights the need for integrative
approaches, such as minirhizotrons, ground-penetrating methods, or repeated coring, to
accurately quantify root responses in future experiments.

4.4. Agronomic Responses: Yield and Fruit Quality

Yield data over four seasons show that oxyfertigation did not significantly increase
fruit yield in the short term although a gradual positive trend was evident (Table 8). As
shown in Figure S1 and Table S13, most orchard-scale effect sizes for yield fell within the
small-to-moderate range, with the fruit number approaching moderate in specific years.
Consistently higher yields under OXY suggest a modest productive response, with effect
sizes in the small-to-moderate range, similar to cumulative gains reported in grapevine
and avocado under O2-enriched irrigation [25,35]. The smaller magnitude observed in
citrus likely reflects its deeper rooting pattern and greater soil O2-buffering capacity, which
delay the translation of physiological improvements into agronomic outcomes. Fruit
load responded significantly to oxyfertigation, with OXY trees producing more fruits per
tree across seasons. This indicates that improved root-zone aeration favored reproductive
differentiation and fruit set rather than individual fruit growth, as supported by the absence
of treatment effects on mean fruit weight and the slight compensatory reduction in fruit
size under OXY.

The significant increase in YWUE under OXY indicates improved irrigation efficiency.
Although yield gains were not statistically significant, the combination of higher fruit load
and similar water inputs resulted in more kilograms of fruit per cubic meter of water. This
suggests that oxyfertigation can enhance water use efficiency at the orchard scale, even
when absolute yield responses remain modest. Cumulative increases of approximately
13% in fruit yield and 18% in fruit number under OXY are biologically relevant for peren-
nial crops such as citrus. Even moderate improvements can translate into meaningful
benefits over multiple seasons, particularly in semi-arid regions where water scarcity and
production costs are critical.

Year effects dominated all yield-related parameters, reflecting the strong influence
of climate, tree physiology, and seasonal water availability. The marked increase in yield
and YWUE in 2021 compared with previous years illustrates favorable environmental
conditions and cumulative physiological effects linked to tree age and canopy development.
However, the absence of treatment × year interactions for yield, fruit load, fruit weight,
and YWUE indicates that oxyfertigation effects were consistent across seasons and not
dependent on specific annual conditions. This stability supports the interpretation that
increases in fruit load and YWUE are structurally linked to oxyfertigation.
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From an agronomic and economic perspective, these trends suggest that oxyfertigation
could improve orchard sustainability by reducing risks associated with root hypoxia and
supporting resource-use efficiency. For commercial orchards, a 10–15% increase in cumula-
tive yield combined with lower water consumption per kilogram of fruit could enhance
profitability and water savings, warranting future cost–benefit assessments to evaluate
the feasibility of integrating H2O2 application into precision irrigation programs. Future
research should include cost–benefit assessments to determine the economic feasibility of
integrating H2O2 application into precision irrigation programs.

While oxyfertigation showed consistent improvements in YWUE and fruit load, its
influence on fruit quality was far less evident. Fruit quality was mainly driven by interan-
nual variability, while oxyfertigation effects were modest and inconsistent (Table 9). This
agrees with evidence that climate, phenology, and irrigation patterns often dominate over
management practices in determining citrus composition and maturity [75,76]. By year,
OXY fruit showed lower juice percentage in 2019 and 2020, slightly higher TSS in 2020 but
lower in 2019, higher titratable acidity in multiple years, and alternating peel allocation
(thicker peel in 2019 and thinner in 2020), in line with significant treatment × year effects.
These occasional interactions suggest that O2 enrichment may influence fruit composition
under specific conditions, but these effects were not recurrent. Similar variability has been
reported in deficit irrigation studies, where transient improvements in TSS or TA have
depended on the timing and severity of soil-water conditions [77,78]. Our findings reinforce
that fruit composition is primarily controlled by environmental dynamics at orchard scale.

The inconsistent effects of oxyfertigation reflect the aeration conditions typical of drip-
irrigated citrus orchards in semi-arid soils, where root hypoxia is intermittent rather than
chronic. Under these circumstances, O2 enrichment may only influence fruit traits when
transient aeration limitations coincide with sensitive phenological stages without producing
consistent quality changes across seasons. Similar findings have been reported in citrus
studies where irrigation strategies improved tree physiology without recurrent quality
gains [76]. Therefore, oxyfertigation should be regarded as a complementary practice with
context-dependent effects, while in mature orchards with efficient drip irrigation, fruit
quality is primarily driven by seasonal climate and irrigation scheduling.

5. Conclusions

Over four consecutive seasons, chemical oxyfertigation with H2O2 increased dissolved
oxygen in irrigation water and enhanced soil oxygen diffusion dynamics under drip-
irrigated citrus. These oxygenation effects were associated with transient increases in soil
microbial respiration and with short-term improvements in gas exchange performance.
However, the whole-tree water status, soil mineral composition, root biomass allocation,
and leaf nutrient content showed high seasonal variability and no sustained treatment
effects when evaluated using repeated-measures factorial analysis.

Yield parameters presented consistent positive trends in favor of oxyfertigation, al-
though not statistically significant at the whole-tree scale. Importantly, oxyfertigation
promoted a more efficient allocation of assimilates towards reproductive output, signifi-
cantly increasing the fruit number and YWUE, while the absence of a consistent effect on
fruit size and total yield reflected the complex source–sink balances and compensation
mechanisms characteristic of mature citrus orchards.

Taken together, these results indicate that oxyfertigation is more likely to provide
transient or condition-specific benefits rather than systematic improvements in mature
citrus orchards under semi-arid drip irrigation. The technique may improve physiologi-
cal performance or soil aeration during windows of elevated environmental demand or
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reduced natural oxygen availability but does not consistently modify plant water status,
canopy growth, or fruit quality when analyzed over multiple seasons.

Future research should focus on identifying the environmental and soil conditions
under which oxyfertigation delivers the greatest agronomic value, including situations
of chronic hypoxia, heavier soils, salinity constraints, reduced irrigation percolation, or
regenerative systems with limited tillage. Multi-factor experiments integrating oxygen
enrichment, irrigation scheduling and soil structure management will be essential to clarify
whether cumulative or synergistic effects can be achieved at the crop-system scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture16010075/s1 Table S1: Soil mineral content (salinity)
for each irrigation treatment (Control and OXY) during the two last seasons (2020 and 2021). Values
are means ± standard error (SE) and 95% confidence intervals (95% CI). Table S2: Soil mineral content
(soil reaction and organic matter) for each irrigation treatment (Control and OXY) during the two last
seasons (2020 and 2021). Values are means ± standard error (SE) and 95% confidence intervals (95%
CI). Table S3: Soil mineral content (primary macronutrients) for each irrigation treatment (Control and
OXY) during the two last seasons (2020 and 2021). Values are means ± standard error (SE) and 95%
confidence intervals (95% CI). Table S4: Soil mineral content (secondary macronutrients, micronutri-
ents and cation exchange capacity) for each irrigation treatment (Control and OXY) during the two
last seasons (2020 and 2021). Values are means ± standard error (SE) and 95% confidence intervals
(95% CI). Table S5: Soil microbiology and nematode phytopathology for each irrigation treatment
(Control and OXY) during the two last seasons (2020 and 2021). Values are means ± standard error
(SE) and 95% confidence intervals (95% CI). Table S6: Absolute growth rate of the trunk cross-sectional
area (AGRTrunk, cm2 year−1) and fresh pruning weight (kg tree−1) for each irrigation treatment (Con-
trol and OXY) during the experimental period (2018–2021). Values are means ± standard error (SE)
and 95% confidence intervals (95% CI). Table S7: Root dry weight (× 102 g cm−3) of fine and thick
roots at two soil depths for each treatment (Control and OXY) at the end of the experimental period
(November 2021). Values are means ± standard error (SE) and 95% confidence intervals (95% CI).
Table S8: Leaf mineral content of ‘Ortanique’ mandarin trees for each irrigation treatment (Control
and OXY) during the experimental period (2018–2021). Primary macronutrients (N, P and K) and
secondary macronutrients (Ca, Mg and Na). Values are means ± standard error (SE) and 95% confi-
dence intervals (95% CI). Table S9: Leaf mineral content (microelements) of ‘Ortanique’ mandarin
trees for each irrigation treatment (Control and OXY) during the experimental period (2018–2021).
Values are means ± standard error (SE) and 95% confidence intervals (95% CI). Table S10: Yield
parameters (yield, fruit load, and mean fruit weight) and agronomic water use efficiency (YWUE) for
each treatment (Control and OXY) during the experimental period (2018–2021). Values are means
± standard error (SE) and 95% confidence intervals (95% CI). Table S11: Fruit quality parameters
(diameter, height, external color index, and peel thickness) of ‘Ortanique’ mandarin fruits for each
irrigation treatment (Control and OXY) during the experimental period (2018–2021). Values are means
± standard error (SE) and 95% confidence intervals (95% CI). Table S12: Fruit quality parameters
(juice, pulp and peel contents, total soluble solids, titratable acidity and maturity index) of ‘Ortanique’
mandarin fruits for each irrigation treatment (Control and OXY) during the experimental period
(2018–2021). Values are means ± standard error (SE) and 95% confidence intervals (95% CI). Table
S13: Effect sizes (Cohen’s d and Hedges’ g) by year and accumulated (2018–2021) for yield, fruit
number, mean fruit weight, and crop water use efficiency (YWUE). Figure S1: Hedges’ g effect sizes by
year (2018–2021) and accumulated (2018–2021) for yield, fruit number, mean fruit weight, and YWUE.
Horizontal dashed lines mark interpretation thresholds (0.2 = small, 0.5 = moderate, 0.8 = large).
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Abbreviations

The following abbreviations have been used in this manuscript:

H2O2 Hydrogen peroxide
YWUE Crop water use efficiency
IMIDA Instituto Murciano de Investigación y Desarrollo Agrario y Medioambiental
EC Electrical conductivity
ET0 Reference evapotranspiration
ETc Crop evapotranspiration
Kc Crop coefficient
VPD Vapor Pressure Deficit
DO Dissolved oxygen
ODR Soil oxygen diffusion rate
CEC Cation exchange capacity
Ψstem Midday stem water potential
ACO2 Net photosynthesis rate
gs Stomatal conductance
Eleaf Leaf transpiration rate
ACO2/Eleaf Instantaneous leaf water use efficiency
ACO2/gs Intrinsic leaf water use efficiency
TCSA Trunk cross-sectional area
AGRtrunk Absolute growth rate of the TCSA
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