
 

 

 
Universidad de Concepción 

Dirección de Postgrado 
Facultad de Agronomía 

Programa de Magíster en Ciencias Agronómicas  
 
 
 
 
 
 
 
 
 

RESPUESTAS FISIOLÓGICAS, PRODUCTIVAS Y DE LA 
MICROBIOTA RIZOSFÉRICA DEL SUELO AL RIEGO 

DEFICITARIO CONTROLADO DESPUÉS DE COSECHA EN 
UN HUERTO DE CEREZOS  

‘SANTINA’  
 

 
 
 

Tesis para optar al grado de Magíster en Ciencias Agronómicas  
 

 
 
 
 

TAMARA ANTONIA ALVEAR ACUÑA 
CHILLÁN-CHILE 

2025 
 
 

Profesor Guía: Arturo Calderón Orellana 
Dpto. de Producción Vegetal  

  Facultad de Agronomía 
Universidad de Concepción



ii 
 

Esta tesis ha sido realizada en el Departamento de Producción Vegetal de la Facultad de 
Agronomía, Universidad de Concepción. 
 
 
 
 
Profesor Guía 

______________________________ 
Dr. Arturo Calderón Orellana 
Facultad de Agronomía 
Universidad de Concepción 
       

 
 
Profesor Co-Guía    ______________________________ 

Dra. Macarena Gerding González  
Facultad de Agronomía  
Universidad de Concepción 
 

 
 
Comisión Evaluadora:          
            
      ______________________________ 

Dr. Richard Bastías Ibarra 
Facultad de Agronomía 
Universidad de Concepción 
 
 
 
______________________________ 
Dra. Carolina Contreras Duarte 
Facultad de Ciencias Agrarias y Alimentarias 
Universidad Austral de Chile 
 
 
 
______________________________ 
Dr. Miguel Garriga Caraballo  
Facultad de Agronomía 
Universidad de Concepción 
 
 
 

Director de Programa 
______________________________ 
Dra. Marisol Vargas Concha  
Facultad de Agronomía 
Universidad de Concepción 



iii 
 

AGRADECIMIENTOS 
 

Quiero expresar mi más sincero agradecimiento al Gobierno Regional de la Región 

de O'Higgins, al Consejo Regional (CORE) y a la Fundación para la Innovación 

Agraria (FIA) por el apoyo institucional brindado a través del Proyecto PYT-2021-

0057 (2021–2024), titulado “Desarrollo y determinación de la línea de base del 

potencial hídrico para el cultivo de cerezas, utilizando microtensiómetros y riego por 

déficit controlado, con el fin de desarrollar un nuevo y más eficiente servicio de 

monitoreo y programación del riego.” 

Agradezco profundamente la colaboración de los equipos técnicos de OLIVOS riego 

SpA. y Giddings Cerasus en la implementación en terreno y la recopilación de datos, 

así como el respaldo académico del Programa de Magíster en Ciencias Agronómicas 

de la Facultad de Agronomía de la Universidad de Concepción y de la beca de 

articulación, que me permitió continuar mi formación de manera gratuita y continua. 

También extiendo mi gratitud al equipo del laboratorio de Relaciones Hídricas en 

Frutales y al laboratorio de Microbiología Agrícola por su constante apoyo técnico y 

humano durante el desarrollo de este trabajo. 

Finalmente, agradezco en gran manera al Dr. Arturo Calderón, por su guía 

comprometida, su generosidad intelectual y su constante disposición para 

acompañarme en cada etapa de este proceso. Asimismo, agradezco a la Dra. 

Macarena Gerding por su valiosa co-guía, aportes científicos y apoyo permanente. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



iv 
 

TABLA DE CONTENIDOS 

 Página 

INDICE DE FIGURAS Y TABLAS v 

RESUMEN xii 

SUMMARY xiii 

CAPÍTULO 1. INTRODUCCIÓN GENERAL 1 

HIPÓTESIS 4 

OBJETIVO GENERAL 4 

OBJETIVOS ESPECÍFICOS 4 

REFERENCIAS 5 

CAPÍTULO 2. Physiological, Productive, and Soil 

Rhizospheric Microbiota Responses of ‘Santina’ 

Cherry Trees to Regulated Deficit Irrigation 

applied after Harvest. 

9 

Abstract  9 

Introduction 10 

Materials and methods 13 

Results  23 

Discussion 41 

Conclusions 47 

References 48 

Supplementary material 56 

 

 
 



v 
 

INDICE DE FIGURAS Y TABLAS 

  Página 

Figure 1  Applied irrigation (Summm) in the ‘Control’ 

treatment versus crop evapotranspiration (ETc) 

(SumETc) over three seasons in Placilla, O`Higgins 

Region, Chile: Season 1 (2021-2022), Season 2 

(2022-2023), and Season 3 (2023-2024).  

15 

Figure 2 Monthly temperature, relative humidity, and 

accumulated precipitation recorded at the nearest 

weather station in a sweet cherry orchard in Placilla, 

O’Higgins Region, from anthesis to the onset of leaf 

senescence (September to May) during the 2021–

2022 (Season 2022, A), 2022–2023 (Season 2023, 

B), and 2023–2024 (Season 2024, C) seasons. 

23 

Figure 3        Monthly average of (A) crop coefficient (Kc) and (B) 

crop evapotranspiration in a ‘Santina’ sweet cherry 

orchard in Placilla, O’Higgins Region, from anthesis 

to the onset of leaf senescence (September to May) 

during the 2021-2022 (Season 2022), 2022-2023 

(Season 2023), and 2023-2024 (Season 2024) 

seasons. Error bars represent ± 1 se (n = 4). 

25 

Figure 4 Stem water potential at midday (12:00–15:00 h) in a 

sweet cherry orchard under three irrigation 

treatments: Control (commercial irrigation), MDI 

(moderate regulated deficit irrigation after harvest), 

and SDI (severe regulated deficit irrigation after 

harvest), conducted in Placilla, O’Higgins Region, 

during the 2022, 2023, and 2024 seasons. Black 

arrows indicate the irrigation cutoff dates, and white 

arrows indicate the resumption of irrigation in RDI 

28 



vi 
 

treatments (MDI and SDI). The black line represents 

the baseline for optimal water status. Asterisks (*) 

indicate significant differences (p ≤ 0.05, n = 4). 

Phenological stages are shown according to the 

BBCH scale: Stage 89 (fruit ripe for harvest), Stage 

91 (shoot growth completed; foliage green), and 

Stage 92 (Leaves begin to fade color) [28]. 

Figure 5  Water stress integral (MPa) after harvest in a sweet 

cherry orchard under three irrigation treatments: 

Control (commercial irrigation), MDI (moderate 

regulated deficit irrigation after harvest), and SDI 

(severe regulated deficit irrigation after harvest), 

conducted in Placilla, O’Higgins Region, during the 

2022, 2023, and 2024 seasons. Black arrows 

indicate irrigation cutoff dates, and white arrows 

indicate irrigation resumption in RDI treatments 

(MDI and SDI). Asterisks (*) denote significant 

differences (p ≤ 0.05, n = 4). Phenological stages 

are shown according to the BBCH scale: Stage 89 

(fruit ripe for harvest), Stage 91 (shoot growth 

completed; foliage green), and Stage 92 (Leaves 

begin to fade color) [28]. 

29 

Figure 6 Cumulative water stress integral (MPa) after harvest 

in a sweet cherry orchard under three irrigation 

treatments: Control (commercial irrigation), MDI 

(moderate regulated deficit irrigation after harvest), 

and SDI (severe regulated deficit irrigation after 

harvest), conducted in Placilla, O’Higgins Region, 

during the 2022, 2023, and 2024 seasons. Different 

letters indicate significant differences between 

30 



vii 
 

treatments according to LSD Fisher’s test (p ≤ 0.05, 

n = 4). 

Figure 7  Stomatal conductance (mmol m⁻² s⁻¹) at midday 

(12:00–15:00 h) in a sweet cherry orchard under 

three irrigation treatments: Control (commercial 

irrigation), MDI (moderate regulated deficit irrigation 

after harvest), and SDI (severe regulated deficit 

irrigation after harvest), conducted in Placilla, 

O’Higgins Region, during the 2022, 2023, and 2024 

seasons. Asterisks (*) denote significant differences 

(p ≤ 0.05, n = 4). Phenological stages are shown 

according to the BBCH scale: Stage 89 (fruit ripe for 

harvest), Stage 91 (shoot growth completed; foliage 

green), and Stage 92 (Leaves begin to fade color) 

[28]. 

32 

Figure 8 Relationship between midday stem water potential 

(12:00–3:00 p.m.) and relative stomatal 

conductance (%) in cherry trees under three 

irrigation treatments: Control (commercial irrigation), 

MDI (moderate post-harvest deficit), and SDI 

(severe post-harvest deficit) in a commercial 

orchard located in Placilla, O'Higgins Region. The 

data corresponds to the average for the 2022, 2023, 

and 2024 seasons. The adjusted polynomial 

regression (y = 28,349 − 202,643x − 200,637x² − 

50,749x³) was significant (p < 0.001, n = 3), with a 

coefficient of determination R² = 0.94. 

33 

Figure 9 13C discrimination in cherry trees (1st week of March 

2024) under three irrigation treatments: Control 

(commercial irrigation), MDI (moderate deficit 

35 



viii 
 

irrigation after harvest), and SDI (severe deficit 

irrigation after harvest), in Placilla, O’Higgins 

Region, during the 2022, 2023, and 2024 seasons. 

Different letters indicate significant differences 

between treatments according to LSD Fisher’s test 

(p ≤ 0.05, n = 4). Error bars represent ±1 es. 

Figure 10 Relative abundance of fine roots in ‘Santina’ cherry 

trees (n = 3). Evaluated in ‘Santina’ cherry trees 

subjected to three post-harvest irrigation 

treatments: Control (commercial irrigation), MDI 

(moderate deficit), and SDI (severe deficit), in a 

commercial orchard located in Placilla, O'Higgins 

Region. Error bars represent ±1 s.e. Different letters 

indicate significant differences between treatments 

according to Fisher's LSD test (p < 0.05). 

38 

Figure 11 Bacterial population (LOG CFU) in the rhizosphere 

of ‘Santina’ cherry trees (n = 3). AER: aerobic and 

facultative anaerobic mesophiles; ANA: anaerobic 

mesophiles; AZO: Azospirillum spp.; BAC: Bacillus 

spp.; NFB: nitrogen-fixing bacteria; PSE: 

Pseudomonas spp.; ACT: Actinobacteria spp.; 

AZOT: Azotobacter spp.; PSB: phosphate-

solubilizing bacteria. Evaluated in ‘Santina’ cherry 

trees subjected to three post-harvest irrigation 

treatments: Control (commercial irrigation), MDI 

(moderate deficit), and SDI (severe deficit), in a 

commercial orchard located in Placilla, O'Higgins 

Region. Different letters indicate significant 

differences between treatments according to 

Fisher's LSD test (p < 0.05). Error bars represent ±1 

 



ix 
 

s.e. 

Figure 12 Relationship between bacterial population (LOG 

CFU) in the rhizosphere of ‘Santina’ cherry trees 

and cumulative water stress (MPa) during three 

post-harvest seasons (n = 3). The bacterial groups 

included are: AER (aerobic mesophiles and 

facultative anaerobes), AZOT (Azotobacter spp.), 

NFB (nitrogen-fixing bacteria), and BAC (Bacillus 

spp.). Evaluated in ‘Santina’ cherry trees subjected 

to three post-harvest irrigation treatments: Control 

(commercial irrigation), MDI (moderate deficit), and 

SDI (severe deficit), in a commercial orchard 

located in Placilla, O'Higgins Region. Error bars 

represent the model prediction at 68% (±1 standard 

deviation). The relationships were adjusted using 

linear regression equations: AER: y = 3.45 − 0.03x 

(R² = 0.76, p < 0.01); AZOT: y = 4.83 − 0.001x (R² = 

0.64, p < 0.01); NFB: y = 4.83 − 0.02x (R² = 0.77, p 

< 0.01); BAC: y = 3.84 − 0.02x (R² = 0.52, p < 0.05). 

40 

Table 1 Date of occurrences of several phenological stages 

of ‘Santina’ sweet cherries from an orchard in 

Placilla, O’Higgins Region, Chile, during the 2021-

2022, 2022-2023, and 2023-2024 seasons.  

15 

Table 2 Cumulative values of irrigation, effective 

precipitation, and applied water (irrigation + 

precipitation), and difference in applied water (%) 

under three postharvest irrigation treatments: 

Control (commercial irrigation), MDI (moderate 

regulated deficit irrigation after harvest), and SDI 

(severe regulated deficit irrigation after harvest), 

27 



x 
 

conducted in a 'Santina' sweet cherry orchard 

located in Placilla, O’Higgins Region, during the 

2022 (2021-2022), 2023 (2022-2023), and 2024 

(2023-2024) seasons. Effective precipitation was 

estimated using the FAO [33] methodology. 

Table 3 Seasonal Photosystem II Efficiency (Fv/Fm) and 

Final Leaf Area Index (LAI) under Three Post-

harvest Irrigation Treatments, Control (Commercial 

Irrigation), MDI (Moderate Regulated Deficit 

Irrigation after Harvest), and SDI (Severe Regulated 

Deficit Irrigation after Harvest), in a 'Santina' Sweet 

Cherry Orchard Located in Placilla, O’Higgins 

Region, during the 2022 (2021–2022), 2023 (2022–

2023), and 2024 (2023–2024) Seasons. Values are 

means ± standard deviation (SD); ns indicates no 

significant differences according to ANOVA test (p > 

0.05). 

34 

Table 4 Yield parameters of 'Santina' sweet cherry trees 

under three postharvest irrigation treatments: 

Control (commercial irrigation), MDI (moderate 

deficit irrigation after harvest), and SDI (severe 

deficit irrigation after harvest), conducted in a 

commercial orchard located in Placilla, O’Higgins 

Region, during the 2023 (2022–2023) and 2024 

(2023–2024) seasons. Different letters indicate 

significant differences between treatments 

according to LSD Fisher’s test (p ≤ 0.05, n = 4). “ns” 

indicates non-significant differences. 

36 

Table 5 Fruit quality parameters of 'Santina' sweet cherry 

trees under three postharvest irrigation treatments: 

37 



xi 
 

Control (commercial irrigation), MDI (moderate 

deficit irrigation after harvest), and SDI (severe 

deficit irrigation after harvest), conducted in a 

commercial orchard located in Placilla, O’Higgins 

Region, during the 2023 (2022–2023) and 2024 

(2023–2024) seasons. Different letters indicate 

significant differences between treatments 

according to LSD Fisher’s test (p ≤ 0.05, n = 4). “ns” 

indicates non-significant differences. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xii 
 

RESUMEN  
 
Chile, principal exportador de cerezas dulces (Prunus avium L.) del hemisferio sur, 

enfrenta una creciente variabilidad climática y escasez hídrica que amenazan la 

sostenibilidad de sus sistemas frutales. El riego deficitario controlado (RDC), aplicado 

después de la cosecha, se ha planteado como una estrategia eficiente para optimizar 

el uso del agua en escenarios de baja disponibilidad hídrica en este frutal. Sin 

embargo, aún es necesario evaluar la tolerancia de los distintos sistemas 

productivos, especialmente aquellos establecidos con combinaciones tradicionales 

de variedad y portainjerto. Además, permanecen inexplorados ciertos efectos que 

esta práctica puede generar en componentes asociados a la tolerancia de la planta al 

estrés, como la microbiota rizosférica. En este trabajo se evaluó el impacto de dos 

niveles de severidad de RDC, moderado (MDI) y severo (SDI), aplicados después de 

cosecha en un huerto de cerezos cv. ‘Santina’ injertado sobre el patrón Colt, durante 

tres temporadas consecutivas. Los resultados mostraron que tanto MDI como SDI 

permitieron ahorrar entre un 10 % y un 28 % de agua respecto al riego comercial, sin 

afectar negativamente el rendimiento ni la calidad de la fruta en la temporada 

siguiente. A pesar de la variabilidad entre temporadas en los efectos de los 

tratamientos de riego sobre el estado hídrico de la planta, SDI mantuvo la eficiencia 

fotosintética y mejoró la eficiencia intrínseca en el uso del agua, como resultado de 

un cierre estomático eficiente. Asimismo, se observó un aumento significativo en la 

abundancia de raíces finas y en las poblaciones de bacterias rizosféricas promotoras 

del crecimiento vegetal (PGPB), como Azospirillum, Bacillus y bacterias fijadoras de 

nitrógeno en ambos tratamientos RDC, las cuales se asociaron positivamente al 

estrés hídrico acumulado durante las tres temporadas. Estos resultados sugieren que 

el RDC aplicado después de cosecha no solo permite un ahorro del recurso hídrico, 

sino que también podría activar mecanismos de resiliencia hídrica mediados por la 

interacción planta-microbiota, posiblemente vinculados a procesos de memoria 

ecológica y efectos de legado microbiano. 
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SUMMARY 

Chile, the leading exporter of sweet cherries (Prunus avium L.) in the southern 

hemisphere, faces increasing climate variability and water scarcity that threaten the 

sustainability of its fruit systems. Controlled deficit irrigation (RDI), applied after 

harvest, has been proposed as an efficient strategy to optimize water use in 

scenarios of low water availability in this fruit tree. However, it is still necessary to 

evaluate the tolerance of different production systems, especially those established 

with traditional combinations of variety and rootstock. In addition, certain effects that 

this practice may have on components associated with plant stress tolerance, such as 

rhizosphere microbiota, remain unexplored. In this study, the impact of two levels of 

RDI severity, moderate (MDI) and severe (SDI), applied after harvest in a cherry 

orchard cv. ‘Santina’ grafted onto Colt rootstock, for three consecutive seasons. The 

results showed that both MDI and SDI allowed water savings of between 10% and 

28% compared to commercial irrigation, without negatively affecting yield or fruit 

quality in the following season. Despite the variability between seasons in the effects 

of irrigation treatments on plant water status, SDI maintained photosynthetic 

efficiency and improved intrinsic water use efficiency as a result of efficient stomatal 

closure. Likewise, a significant increase was observed in the abundance of fine roots 

and in the populations of plant growth-promoting rhizosphere bacteria (PGPB), such 

as Azospirillum, Bacillus, and nitrogen-fixing bacteria in both RDI treatments, which 

were positively associated with the accumulated water stress during the three 

seasons. These results suggest that RDI applied after harvest not only saves water 

resources but could also activate water resilience mechanisms mediated by plant-

microbiota interaction, possibly linked to ecological memory processes and microbial 

legacy effects. 
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CAPÍTULO 1. INTRODUCCIÓN GENERAL  
 
Chile es el principal exportador de cerezas dulces (Prunus avium L.) en el hemisferio 

sur, representando más del 90 % del volumen, con una exportación anual de 341.108 

toneladas y aproximadamente 70.686 hectáreas plantadas (ODEPA, 2024). Su 

superficie se concentra principalmente en las regiones de O’Higgins y Maule 

(ODEPA, 2025), ubicadas en la zona central del país, una de las áreas más 

productivas para la fruticultura y la vitivinicultura. Esta región se caracteriza por un 

clima mediterráneo templado, con estaciones bien definidas: inviernos lluviosos y 

veranos cálidos y secos (MMA, 2024). En esta zona, la demanda hídrica del cerezo 

dulce se estima entre 7.000 y 8.000 m³ h⁻¹ por temporada, y actualmente se registran 

más de 67.000 hectáreas plantadas (ODEPA, 2025).  

Las condiciones atmosféricas exigentes en la zona central de Chile, junto con la alta 

demanda hídrica del cerezo, hacen que la gestión y el monitoreo del recurso hídrico 

sean imprescindibles. En este contexto, la implementación de estrategias de riego se 

vuelve crucial, especialmente al considerar los peores escenarios proyectados por 

los modelos climáticos, que anticipan incrementos superiores a 4,1 °C en la 

temperatura media y una reducción del 39 % en las reservas de aguanieve, 

particularmente en la zona central del país (Bambach et al., 2021). Según el 

Departamento Meteorológico de Chile (2025), esta zona ha enfrentado una sequía 

moderada durante los últimos cuatro años, con precipitaciones anuales que 

presentan una anomalía superior al 90 %. 

En Chile, bajo condiciones de alta demanda evaporativa y limitada disponibilidad 

hídrica, una práctica común en huertos de cerezo consiste en reducir o suspender el 

riego durante el periodo posterior a la cosecha. Esta estrategia permite ahorrar agua, 

destinándola a otros cultivos que se encuentran en pleno desarrollo productivo, 

coincidiendo con los meses de mayor demanda atmosférica. Además, en ciertos 

casos, se aplica con el propósito de inducir la senescencia foliar mediante estrés 

hídrico, favoreciendo así la entrada en endodormancia (Anjum et al., 2017). 

En este contexto, el riego deficitario controlado (RDC) surge como una estrategia 

eficiente para el ahorro de agua en periodos específicos del ciclo fenológico, 
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aplicando volúmenes de riego inferiores a la evapotranspiración del cultivo (ETc), sin 

comprometer el rendimiento ni la calidad de la fruta (Mitchell & Chalmers, 1982; 

Calderón-Orellana, 2020). Esta técnica ha sido validada en diversos frutales, tales 

como el albaricoque (Prunus armeniaca L.) (Girona et al., 2004), el ciruelo japonés 

(Prunus salicina L.) (Hajlaoui et al., 2022), el ciruelo europeo (Prunus domestica L.) 

(Calderón-Orellana et al., 2025) y el manzano (Malus domestica Borkh.) (Leib et al., 

2006). 

En cerezos ‘Prime Giant’, la aplicación de RDC después de la cosecha ha permitido 

ahorrar hasta un 39% de agua, incrementando la productividad hídrica sin afectar el 

rendimiento. Sin embargo, cuando esta estrategia se implementa en etapas previas a 

la cosecha, se han observado tendencias a la reducción del tamaño de los frutos 

(Blanco et al., 2019). Por esta razón, no se recomienda aplicar riego deficitario 

durante el crecimiento del fruto en cultivares tempranos, incluyendo el cerezo (de la 

Rosa et al., 2015; Marsal, 2012). 

El éxito del RDC depende de un manejo preciso en cuanto al momento de aplicación, 

su duración y severidad. Marsal et al. (2009) señalan que el marchitamiento 

incipiente de las hojas en cerezo puede observarse en campo cuando el potencial 

hídrico del tallo (Ψstem) alcanza un umbral de −1,8 MPa. Por su parte, Blaya-Ros et al. 

(2021) advierten que un estrés persistente con valores de Ψstem inferiores a −2,0 MPa 

podría generar impactos significativos en la fisiología de la planta, incluso inducir el 

colapso. 

Aunque esta estrategia de riego ha sido ampliamente estudiada en cerezos, aún 

existe falta de información sobre cómo los diversos sistemas productivos responden 

a este tipo de manejo. Distintas combinaciones de variedad y patrón responden de 

manera diferente al estrés hídrico inducido por sequía, lo que influye directamente en 

el crecimiento vegetativo, la reproducción y la absorción y transporte de nutrientes. 

Esta variabilidad en la respuesta se debe a la integración de mecanismos fisiológicos 

y moleculares generados por la comunicación entre la variedad y el patrón, que 

determinan la capacidad de la planta para enfrentar condiciones de déficit hídrico 

(Kalefetoğlu y Ekmekçi, 2005). 
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En Chile, entre 2010 y 2014, las principales variedades comerciales de cerezo dulce 

fueron ‘Lapins’ (28,6%) y ‘Santina’ (26,3%), injertadas mayoritariamente sobre el 

patrón Colt (AGV, 2015). Estudiar la respuesta al estrés hídrico en huertos 

comerciales establecidos con estas combinaciones resulta especialmente relevante, 

ya que, a pesar de ser considerados sistemas tradicionales, estos huertos siguen 

siendo altamente productivos y representan una parte significativa de la superficie 

frutícola nacional. Comprender su tolerancia al déficit hídrico es clave para optimizar 

estrategias como el RDC, sin comprometer la calidad ni el rendimiento de la fruta. 

En paralelo al manejo hídrico, las plantas presentan diversos mecanismos 

fisiológicos para enfrentar el estrés por sequía, entre los que destacan la evitación, el 

escape, la tolerancia y la recuperación (Fang y Xiong, 2015). De estos, la tolerancia y 

la evitación son las estrategias más relevantes frente al déficit hídrico, ya que 

permiten a la planta resistir la deshidratación mediante ajustes fisiológicos. La 

tolerancia se manifiesta principalmente a través del cierre estomático, que reduce la 

pérdida de agua por transpiración (Ilyas et al., 2021), mientras que la evitación 

incluye mecanismos como la estimulación del crecimiento radicular, que favorece la 

exploración de zonas más profundas del suelo en busca de agua disponible. 

Además, el balance agua-oxígeno del suelo y la humedad de la rizósfera pueden 

regular el tipo de exudados producidos por las raíces, lo que a su vez puede alterar 

el pH local y modificar la composición y actividad de la microbiota rizosférica 

(Gregory et al., 2013). Estudios recientes han reportado la importancia de estos 

cambios del microbioma rizósferico en la modulación de las respuestas de las 

plantas al estrés abiótico, como la sequía (Vidal et al., 2022). Las comunidades 

asociadas al sistema radicular, particularmente las bacterias rizosféricas promotoras 

del crecimiento vegetal (PGPB) establecen relaciones simbióticas con las raíces, 

modulando la producción de fitohormonas como ácido abscísico, auxinas y 

citoquininas, estimulando el crecimiento radicular, mejorando la absorción de 

nutrientes y activando sistemas antioxidantes que mitigan el daño oxidativo (Glick, 

2014; Ullah et al., 2019; Finkel et al., 2017).  
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Una estrategia complementaria para mejorar la tolerancia al estrés hídrico es el 

aprovechamiento de las interacciones entre las raíces y los microorganismos del 

suelo, particularmente en este tipo de bacterias. Sin embargo, la composición y la 

dinámica de estas comunidades microbianas en sistemas productivos tradicionales 

siguen inexploradas. En este sentido, estudiar cómo el estrés hídrico influye en la 

estructura microbiana de la rizósfera y el sistema radicular resulta esencial para 

desarrollar estrategias que fortalezcan la sostenibilidad y la estabilidad productiva de 

los huertos. Para implementar adecuadamente estrategias de riego como el RDC en 

sistemas comerciales, es indispensable comprender las respuestas fisiológicas y 

microbiológicas de las plantas, con el objetivo de maximizar sus beneficios y avanzar 

hacia sistemas más resilientes frente a la sequía. 

 

HIPÓTESIS 

La aplicación de riego deficitario controlado después de cosecha cv. ‘Santina’ permite 

ahorrar agua sin comprometer el crecimiento vegetativo, el rendimiento ni la calidad 

de la fruta en la siguiente temporada y genera un efecto residual sobre ciertas 

poblaciones microbianas de la rizósfera y el sistema radicular.  

 

OBJETIVO GENERAL  

Evaluar el efecto del riego deficitario controlado aplicado después de cosecha en las 

relaciones hídricas de las plantas, la calidad y el rendimiento frutal, y el efecto 

residual del estrés hídrico sobre ciertas poblaciones microbianas de la rizósfera y el 

sistema radicular en un huerto comercial de cerezos cv. ‘Santina’. 

 

OBJETIVOS ESPECÍFICOS  

⁻ Evaluar el efecto de dos niveles de severidad de riego deficitario controlado 

(moderado y severo) aplicados después de la cosecha sobre el ahorro de agua y 

el estado hídrico de las plantas de cerezo, mediante la medición del potencial 

hídrico del tallo y el cálculo de la integral de estrés hídrico acumulado, en 

comparación con un manejo de riego comercial. 
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⁻ Determinar los efectos de dos niveles de severidad de riego deficitario controlado 

sobre parámetros fisiológicos como la conductancia estomática, eficiencia 

fotosintética y eficiencia en el uso del agua.  

⁻ Evaluar el efecto de dos niveles de severidad de riego deficitario controlado 

después de cosecha sobre el rendimiento frutal y la calidad de la fruta (peso, 

diámetro, sólidos solubles, incidencia de partidura) de la siguiente temporada.  

⁻ Caracterizar la respuesta del sistema radicular con énfasis en la abundancia de 

raíces finas bajo condiciones de riego deficitario controlado moderado y severo 

aplicado después de cosecha.  

⁻ Evaluar los cambios en la población de ciertos grupos de bacterias promotoras 

del crecimiento vegetal (PGPB) pertenecientes a la microbiota cultivable de la 

rizósfera, en respuesta al estrés hídrico acumulado generado por dos niveles de 

severidad de riego deficitario controlado aplicados después de la cosecha. 
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Abstract:  

Chile, the leading exporter of cherries (Prunus avium L.) in the southern hemisphere, 

faces sustained variations in precipitation patterns and high evaporative demand in its 

productive areas. The low availability of water during the period of highest 

environmental demand makes it essential to reduce or suspend irrigation 

applications. In this scenario, regulated deficit irrigation (RDI) after harvest is an 

efficient strategy for optimizing water use without compromising orchard yields. This 

study was conducted over three consecutive seasons in a traditional commercial 
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orchard of ‘Santina’ cherry trees grafted onto Colt rootstock, evaluating the effect of 

two levels of RDI, moderate (MDI) and severe (SDI), on productive and 

ecophysiological parameters. Both treatments resulted in water savings of between 

10% and 28%, without negatively affecting yield or fruit quality. The SDI treatment, 

despite reaching higher levels of cumulative water stress, improved intrinsic water 

use efficiency while maintaining stable photosynthetic efficiency. In addition, an 

increase in the abundance of fine roots and beneficial rhizosphere bacteria 

populations, such as Azospirillum and Bacillus, was observed, suggesting the 

activation of water resilience mechanisms mediated by plant-microbiota interaction, 

possibly associated with stress-induced ecological memory and microbial legacy 

effects. These results position after-harvest RDI as a sustainable tool for coping with 

climate variability and water scarcity in commercial cherry orchards. 

 

Introduction 

Chile is the leading exporter of sweet cherries (Prunus avium L.) in the Southern 

Hemisphere, accounting for more than 90% of the volume, with annual exports of 

341,108 tons and approximately 70,686 hectares planted [1]. The sweet cherry 

cultivated area is mainly concentrated in the O'Higgins and Maule regions [2], in the 

central part of the country, where the most productive areas for fruit growing and wine 

production are located. It is characterized by a temperate Mediterranean climate with 

well-defined seasons: rainy winters and warm, dry summers [3]. In this area, the 

water demand of sweet cherry trees is estimated at between 7,000 and 8,000 m³ h⁻¹ 

per season, and there are currently more than 67,000 hectares planted [2]. The 

demanding atmospheric conditions in central Chile, together with the high water 

demands of cherry trees, make water resource management and monitoring 

essential. In this context, the implementation of irrigation strategies becomes crucial, 

especially when considering the worst-case scenarios projected by climate models, 

which anticipate increases of ~4.1°C in average temperature and a 39% reduction in 

snowpack reserves, particularly in the central zone of the country [4]. According to the 
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‘Departamento Meteorológico de Chile’ [5], this area has faced a moderate drought 

over the last four years, with annual rainfall showing an anomaly of more than 90%. 

In Chile, under conditions of high evaporative demand and limited water availability, a 

common practice for cherry orchards is to reduce or suspend irrigation during the 

post-harvest period. This strategy saves water, allowing it to be used for other crops 

that are in full productive development, coinciding with the months of highest 

atmospheric demand. In addition, in certain cases, it is applied to induce leaf 

senescence through water stress, which favors the onset of endodormancy [6]. 

However, this practice is often carried out without physiological monitoring, which can 

lead to severe stress in plants.  

In this context, regulated deficit irrigation (RDI) emerges as an efficient strategy for 

saving water during specific periods of the phenological cycle, applying irrigation 

volumes lower than the crop evapotranspiration (ETc), without compromising yield or 

fruit quality [7, 8]. The RDI has been validated in various fruit trees, such as apricot 

(Prunus armeniaca L.) [9], Japanese plum (Prunus salicina L.) [10], European plum 

(Prunus domestica L.) [11], and apple (Malus domestica Borkh.) [12]. 

In ‘Prime Giant’ sweet cherries, the application of RDI after fruit harvest has saved up 

to 39% water, increasing water productivity without affecting yield. However, when 

this strategy is implemented in stages before harvest, trends toward fruit size 

reduction have been observed [13]. For this reason, deficit irrigation is not 

recommended during fruit growth in early cultivars, including cherry trees [14, 15]. 

The success of RDI depends on precise management in terms of timing, duration, 

and severity. Marsal et al. [16] point out that incipient leaf wilting in cherry trees can 

be observed in the field when the water potential of the stem (Ψstem) reaches a 

threshold of −1.8 MPa. Blaya-Ros et al. [17] warn that persistent stress with Ψstem 

values below −2.0 MPa could have significant impacts on plant physiology, even 

inducing collapse. 

Although this irrigation strategy has been extensively studied in cherry trees, the 

response of different production systems to this type of management remains 

unknown. Different combinations of variety and rootstock respond differently to 
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drought-induced water stress, which directly influences vegetative growth, 

reproduction, and nutrient absorption and transport [18].  

In Chile, between 2010 and 2014, the main commercial sweet cherry cultivars were 

‘Lapins’ (28.6%) and ‘Santina’ (26.3%), most commonly grafted onto the Colt 

rootstock [19]. Studying the response to water stress in commercial orchards 

established with these cultivar–rootstock combinations is particularly relevant, as 

these orchards, despite being considered traditional systems, remain highly 

productive and represent a significant portion of the national fruit-growing area. 

Understanding the tolerance of these orchards to water deficit is key to optimizing 

strategies such as RDI without compromising fruit quality or yield. 

In parallel with water management, plants have various physiological mechanisms to 

cope with drought stress, including avoidance, escape, tolerance, and recovery [20]. 

Of these, tolerance and avoidance are the most relevant strategies for dealing with 

water deficit, as they allow the plant to resist dehydration through physiological 

adjustments such as stomatal closure [21]. 

In addition, irrigation practices induce transient changes in the soil water-oxygen 

balance, which alter the pH of the rhizosphere and stimulate the release of 

compounds that promote the proliferation of microorganisms that constitute 

microbiota [22]. Recent studies have highlighted the importance of these changes in 

the rhizosphere microbiome in modulating plant responses to abiotic stress, such as 

drought [23]. Communities associated with the root system, particularly plant growth-

promoting rhizosphere bacteria (PGPB), establish mutualistic relationships with roots, 

modulating the production of phytohormones such as abscisic acid, auxins, and 

cytokinins, stimulating root growth, improving nutrient absorption, and activating 

antioxidant systems that mitigate oxidative damage [24, 25, 26]. One complementary 

strategy for improving water stress tolerance is to leverage the interactions between 

plant roots and soil microorganisms, particularly those of this type of bacteria. 

However, the composition and dynamics of these microbial communities in traditional 

production systems remain unexplored. Therefore, studying how water stress 

influences the microbial structure of the rhizosphere and root system is essential for 



13 
 

developing strategies to improve the sustainability and productivity of vegetable 

gardens. 

To establish irrigation strategies such as RDI in productive orchards, it is necessary to 

understand how their physiological and microbiological mechanisms respond to 

maximize their benefits and move toward systems that are more resilient to drought. 

The objective of this study was to evaluate the effect of RDI applied after fruit harvest 

on plant water relations, intrinsic water use efficiency, fruit quality and yield, and the 

cumulative effect of water stress on the microbial composition of the rhizosphere and 

root system in a commercial orchard of cherry trees cv. ‘Santina’, under two levels of 

stress severity for three consecutive seasons. 

 

Materials and methods  

Study site  

The study was conducted over three consecutive seasons (2021–2022, 2022–2023, 

and 2023–2024) in a commercial sweet cherry orchard (Prunus avium L. cv. 

‘Santina’), located in Placilla (34°36'5.385“S, 71°3'40.484” W), Libertador General 

Bernardo O’Higgins Region, Chile. The orchard is located on ‘Talcarehue’ series 

soils, classified as Inceptisols, with a loamy-to-loamy clay texture. These soils are 

characterized by a well-defined structure, poorly developed horizons, and subangular 

blocks. They are predominantly colored in the 7.5YR group, ranging from dark brown 

to dark yellowish brown. The profile rests on alluvial layers composed of gravel and 

boulders, with a loamy-clay-sandy matrix [27]. The area has a warm Mediterranean 

climate, characterized by a prolonged dry season of approximately six months and a 

rainy winter, as classified by the CIREN agroclimatic classification [27]. The trees 

were planted in 2004 and grafted onto Colt rootstock (Prunus avium × Prunus 

pseudocerasus), trained on a central leader, with a planting frame of 2.4 m between 

plants and 4.5 m between rows. The orchard was irrigated using a double-line drip 

system, with four emitters per plant, spaced 0.4 m apart, with an emission rate of 2.2 

L h⁻¹ per emitter. Facing south-north, the orchard has a high-density polyethylene 

roofing system, which is extended after the application of cyanamide and closed after 
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fruit set, depending on the rainfall forecast for its opening or closing. The average 

yield was 17 t·ha⁻¹ during the 2021–2022 season and 11 t·ha⁻¹ in the 2022–2023 and 

2023–2024 seasons, showing a decrease in productivity in the last two years.  Tree 

pruning was carried out manually twice during each season. The first, corresponding 

to winter pruning, was carried out between late May and early June, to regulate fruit 

load. The second pruning focused on regulating the vegetative and productive 

structure, favoring the entry of light into the canopy. Sweet cherries were hand-

harvested, while pests, weeds, and disease management were carried out following 

regular commercial practices. 

Experimental design  

The experimental design was a completely randomized block design, with four 

replicates and repeated measurements over three consecutive seasons. Three 

irrigation treatments were applied after fruit harvest, between the third and fourth 

weeks of November (Table 1). Control treatment consisted of conventional irrigation 

practices designed to meet 100% crop (ETc) (Figure 1), calculated according to local 

climatic conditions and the orchard's phenological state. In contrast, Regulated Deficit 

Irrigation (RDI) treatments were based on the temporary suspension of water supply 

until specific thresholds of stem water potential (Ψstem). In moderate RDI treatment 

(MDI), irrigation was interrupted until the Ψstem reached values between -1.3 and -1.6 

MPa, at which point irrigation was reestablished. On the other hand, in the severe 

RDI treatment (SDI), watering was suspended until the Ψstem dropped to values 

between -1.6 and -2.0 MPa, with irrigation being resumed once this threshold was 

reached. Irrigation cuts for treatments during the post-harvest period, between 

November and March, were carried out using plastic shut-off valves installed at the 

beginning of the drip irrigation lines corresponding to the RDI treatments. This 

configuration allowed manual control of water flow, based on monitoring the Ѱstem, 

resuming irrigation only when values reached the defined water stress thresholds. 

Each experimental unit consisted of 12 plants distributed in three adjacent rows, 

corresponding to a block-treatment combination. Measurements were taken on the 
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two central plants in the middle row, while the side rows and remaining plants were 

considered isolation edges. 

 

Table 1. Date of occurrences of several phenological stages of ‘Santina’ sweet 

cherries from an orchard in Placilla, O’Higgins Region, Chile, during the 2021-2022, 

2022-2023, and 2023-2024 seasons.  

Phenological 

stages* 

Season  

2021-2022 2022-2023 2023-2024 

Stage 65 September 12st September 10st September 9th 

Stage 67  September 26th September 27th September 29th 

Stage 81 October 25th October 28th October 31st 

Stage 89 November 19th November 17th November 23rd 

Stage 95  May 1st May 1st May 1st 

* The date of occurrence for each phenological stage was recorded when the characteristic 

visual traits of that stage were observed in at least 50% of the evaluated plants. The stages 

were defined as follows: Stage 65 – Full flowering; Stage 67 – Flower fading; Stage 81 – 

Beginning of fruit coloring; Stage 89 – Fruit ripe for harvest; and Stage 95 – 50% of leaves 

discolored or fallen [28]. 
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Figure 1.  Applied irrigation (Summm) in the ‘Control’ treatment versus crop 

evapotranspiration (ETc) (SumETc) over three seasons in Placilla, O`Higgins Region, 

Chile: Season 1 (2021-2022), Season 2 (2022-2023), and Season 3 (2023-2024). 

 

Before harvest, commercial irrigation practices were applied uniformly throughout the 

orchard, regardless of the treatment assigned. Water requirements were estimated 

based on the calculation of crop evapotranspiration (ETc = ETo × Kc). The crop 

coefficients (Kc) used in this study, from flowering (September) to leaf fall (early May), 

were obtained from FAO Manual 56 [29] and were based on conventional practices 

for the sweet cherry fruit tree. 

In order to estimate the ETc values for the orchard, satellite image analysis was used 

to compare maximum irrigation requirements with cumulative irrigation during the 

season. The ETc estimate for the center pivot irrigation system was made using the 

SPIDERwebGIS® platform (Participatory Information System, Decision Support and 

Expert Knowledge for Water Management in Irrigated Basins). This tool was 

developed within the framework of the European PLEIADES project [30] and is 

currently managed by AgriSat Iberia (http://www.spiderwebgis.org/ and 

https://www.agrisat.es/en) (accessed on May 25, 2025). In addition, 

SPIDERwebGIS® integrates the Satellite Agricultural Platform (PLAS), developed by 

the Agricultural Research Institute (INIA) [31, 32], which allows the crop coefficient 

(Kc) to be determined based on the crop's Normalized Difference Vegetation Index 

(NDVI). 

 

Environmental conditions 

Data on global solar radiation (W m⁻²), precipitation (mm), reference 

evapotranspiration (m³ ha⁻¹), relative humidity (%), and air temperature (°C) were 

obtained from an automatic weather station (InstaWeather model, InstaCrops, Chile), 

located 148 meters from the experimental plot. The average values of the main 

climate variables during the three seasons evaluated are presented in Supplementary 

Table 1. This station provided daily records of climatic variables, from which reference 
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evapotranspiration (ETo) was calculated using the Penman-Monteith model proposed 

by FAO56 [29]. Precipitation values were subsequently adjusted to account for 

effective precipitation delivered to the plant, following the methodology proposed by 

the FAO [33]. Vapor pressure deficit (VPD) was calculated according to the equation 

described by Howell and Dusek [34]. 

Where RH is air relative humidity and T is air temperature.  

 

The volume of water applied in the trial was measured by installing eight volumetric 

meters (Dishnon, Arad Ltd., Dalia, Israel), distributed so that one meter was assigned 

to each deficit irrigation treatment. Each experimental block had two meters, which 

were located at the beginning of each irrigation line corresponding to the RDI 

treatments. The devices were installed on November 19, 2021. 

The photosynthetically active photon flux density (PPFD, µmol m⁻² s⁻¹) and leaf area 

index (LAI) were measured weekly using a cephtometer (LP-80, Decagon 

Instruments, Washington, USA). Each plant sampled was evaluated at midday, with 

four replicates per plant. Internal PPFD measurements were taken 0.2 m below the 

canopy, recording values at distances of 0.05, 0.20, 0.30, and 0.40 m from the trunk. 

External PPFD was estimated in the inter-row, 1.75 m away from the plant and 1.6 m 

above ground level.  

Plant water status, physiology, and growth  

Weekly, during the tree post-harvest period (November to March), the Ѱstem was 

measured in one leaf per plant sampled, corresponding to the central plant used for 

physiological measurements. The selected leaves were shaded, located in the lower 

third of the plant, and mature and healthy, with no visual symptoms of biotic or abiotic 

stress. Measurements were taken at midday, between 12:00 and 15:00, using a 

pressure chamber (model PMS-615, PMS Instruments, Portland, USA). Before 

measurement, the leaves were covered with an opaque, aluminized, airtight bag for at 

 
(1) 
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least 40 minutes, following the methodology described by McCutchan and Shackel 

[35]. 

Stomatal conductance (mmol m⁻² s⁻¹) was measured simultaneously with Ѱstem, using 

a compact portable porometer (LI-600, LI-COR, Lincoln, USA) on three mature leaves 

exposed to the sun, located in the apical third of the shoots. Photosystem II (PSII) 

efficiency was evaluated as Fᵥ/Fₘ using a chlorophyll fluorescence meter (Pocket 

PEA, Hansatech Instruments, Norfolk, UK). For this determination, the leaves were 

dark-adapted for 30 minutes using leaf clips, as described by Reyes-Díaz et al. [36]. 

Subsequently, the minimum fluorescence (F₀) and maximum fluorescence (Fₘ) 

values were recorded, from which the variable fluorescence (Fᵥ) was calculated as 

the difference between Fₘ and F₀. Finally, PSII efficiency was obtained using the 

following relationship: 

Water stress integral  

To estimate cumulative water stress, the water stress integral (SΨ) was calculated, 

adapting the model proposed by Myers [37]. This model consists of the sum of the 

Ψstem recorded during the evaluation period, which in this case corresponds to the 

post-harvest period. However, instead of using a fixed reference value for water 

potential, the Ψstem was estimated based on the expected vapor pressure deficit 

(VPD) under environmental conditions, as reported by McCutchan and Shackel [35] 

for plum trees. 

The estimate was made based on measurements taken at regular intervals of n days, 

corresponding to weekly assessments, over a total period of approximately 90 days 

per season. In the 2021–2022 season, 15 measurements were taken, as in the 2022–

2023 season, while in the 2023–2024 season, 11 measurements were taken. This 

methodology allowed the integral of accumulated water stress (SΨ) to be calculated 

using the following formula: 

 

 
(2) 
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Where Ψstem i,i+1 corresponds to the average value of the stem water potential for any 

time interval between two consecutive measurements (i, i+1); Ψbase represents the 

reference value of the expected water potential under the specific environmental 

conditions of each interval, estimated based on the VPD; and n corresponds to the 

number of days included in each measurement interval.  

The cumulative was SΨ (SΨ1 + SΨ2 + SΨ3) obtained by summing the seasonal 

integrals, providing a quantitative measure of long-term water stress exposure. 

 

Intrinsic water use efficiency  

During the post-harvest period of the last season (1st week of March 2024), five young 

leaves and five mature leaves were selected per treatment, ensuring that they were 

healthy, fully expanded, and from the middle zone of the central plants in each 

experimental block. Sampling was conducted at 10:00 a.m., a time representative of 

high photosynthetic activity, to estimate intrinsic water use efficiency (WUEi) through 

differences in the carbon isotope ratio (δ13C), as proposed by Bchir et al. [38]. 

The leaf samples were dried separately in an oven at 70°C for 48 hours until they 

reached a constant weight. They were then ground and savvy to obtain a fine, 

homogeneous powder. The carbon isotope ratio (δ13C) was determined using an 

elemental analysis system coupled with isotope ratio mass spectrometry (EA-GSL, 

Sercon, UK; 20–22 IRMS, Sercon, UK). Before each analysis, an ultra-high-grade 

carbon dioxide reference gas (Ultra High-Grade CO₂, Linde Group) was injected to 

correct for possible deviations. A calibrated laboratory standard (Corn Flour 

SCC2256, Sercon, UK) was included every ten samples as an internal quality control. 

The carbon isotopic composition of each sample was calculated using the following 

equation, according to Brugnoli and Farquhar [39] and Farquhar et al. [40]:   

 

(3) 
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Where 13C/12Csample and 13C/12Cstandard are the measured 13C/12C ratios for the 

leaf sample and the PDB standard (Pee Dee Belemnite), respectively.  

 

Yield components and fruit quality  

During the 2022–2023 and 2023–2024 seasons, at harvest time (Table 1), fruit load 

(kg plant⁻¹) and total number of fruits were estimated on two plants evaluated per 

block-treatment combination. Harvest time was determined according to the 

commercial management criteria of the orchard, using a color chart as a reference. 

Fruit load was measured by manual harvesting, using a platform scale. In the same 

evaluation, a sample of 50 sweet cherries per plant were randomly selected to 

analyze fruit quality.  

The individual fresh weight of each fruit (g) was determined using a precision scale 

with an accuracy of ±0.1 g (APTP457A, Electronic Scale Balance, Kuala Lumpur, 

Malaysia). 

The color of each fruit was determined using a portable colorimeter (CR-10, Konica 

Minolta, Tokyo, Japan), using the CIELAB color space, which provides the 

coordinates L*, a*, and b*, where L* represents lightness, a* the red/green axis, and 

b* the yellow/blue axis. The concentration of soluble solids (°Brix) in the manually 

extracted juice was measured with a digital refractometer (HI 96801, Hanna 

Instruments, Rhode Island, USA), previously calibrated with distilled water before 

each measurement. Additionally, fruit condition and quality defects were assessed, 

including the presence of double fruits, cracking (classified by fruit zone), deep 

suture, and other visible abnormalities. 

 

 

 
 

(4) 
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Root system characterization  

At the end of the post-harvest period of the last season, and once the corresponding 

evaluations had been completed, the number and size of roots were determined in all 

irrigation treatments (n = 3). The evaluations were conducted using 1 m-deep and 1 

m-wide pits located in the central row of the experimental blocks. 

Each pit was divided into a grid of 100 subunits of 0.1 m², allowing for a detailed 

evaluation of the root system. Before counting and classification, the exposed profile 

of the pit was meticulously cleaned with an agricultural knife to expose the roots 

present. 

The roots were classified according to their diameter into the following categories: fine 

(< 0.5 mm), thin (0.5–2.0 mm), medium (2.0–5.0 mm), medium to thick (5.0–7.0 mm), 

and thick (> 7.0 mm). For each pit, the proportion of roots in each category was 

determined in relation to the total number of roots observed. 

 

Evaluations of the cultivable soil microbiota 

During the final season of evaluations, the root system was characterized by 

extracting samples of free soil and rhizospheric soil from the effective rooting zone 

(0.4–0.6 m depth) using a disinfected drill. Samples were collected from three of the 

four evaluated blocks, obtaining 250 g of free soil and 250 g of rhizospheric soil per 

block. All tools were disinfected with 70% ethanol before sampling. The samples were 

placed in labeled polyethylene bags and stored in a refrigerated container at 5°C until 

laboratory analysis. In the laboratory, each sample was homogenized, and 

subsamples of 10 g (free soil) and 1 g (rhizospheric soil) were suspended in 90 mL of 

sterile saline solution (0.801% NaCl) in Erlenmeyer flasks. These suspensions were 

agitated in an orbital shaker at 150 rpm for two hours. Serial dilutions ranging from 

10⁻² to 10⁻⁵ were prepared and used for microbial quantification. 

To assess microbial populations, different inoculation volumes were used depending 

on the target group: 100 µL aliquots per plate for Azospirillum spp., Azotobacter spp., 

and actinobacteria, and 20 µL microdroplets per plate for mesophilic aerobic and 

facultative anaerobic bacteria, strict anaerobes, Pseudomonas spp., Bacillus spp., 
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phosphate-solubilizing bacteria, and nitrogen-fixing bacteria. All culture media were 

prepared with deionized water and sterilized in an autoclave at 120°C and 1 atm for 

20 minutes. Media were poured into Petri dishes under aseptic conditions in a laminar 

flow chamber. Microbial colonies were counted using the microdroplet technique. The 

inoculum was distributed on the agar surface with a sterile glass rod. Plates were 

incubated at 25 ± 2°C in darkness for three days, except for Congo Red medium, 

which was incubated for seven days. Colony-forming units (CFU) were counted from 

dilutions yielding between 30 and 300 colonies. 

Specific media used included Jensen agar (2 g L⁻¹ dextrose, 0.2 g L⁻¹ casein, 0.5 g 

L⁻¹ K₂HPO₄, 0.2 g L⁻¹ MgSO₄·7H₂O, traces of FeCl₃·6H₂O, 2.5% agar) for 

actinobacteria; LG medium for Azotobacter spp. [41]; RC medium for Azospirillum 

spp. [42]; PCA medium for mesophilic aerobic and facultative anaerobic bacteria; pK 

medium for phosphate-solubilizing bacteria; Burk medium for nitrogen-fixing bacteria; 

nutrient agar (MERCK) for Bacillus spp. and strict anaerobes (incubated in GasPak™ 

EZ Anaerobe Container System Sachets); and King B medium for Pseudomonas spp. 

Additionally, a 50 g subsample from each experimental unit was dried in a forced-air 

oven at 60°C until constant weight to determine soil dry matter content. 

 

Statistical analysis  

The data were subjected to analysis of variance (ANOVA) after verifying the 

assumptions of normality in distribution (Shapiro-Wilk test), homogeneity of variances 

(Levene's test), and additivity (Tukey's test). Differences between means were 

determined using the LSD multiple comparison test (α = 0.05). The relationship 

between physiological and microbiological variables was determined using cubic and 

quadratic regressions. All statistical analyses were performed using RStudio software 

version 2025.05.0 (RStudio, Posit, USA). 
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Results 

Environmental Conditions and Characterization of Irrigation  

During the seasons evaluated (September to May), seasonal variations in 

environmental conditions were observed (Figure 2), with the three seasons coinciding 

with the highest air temperatures in December, January, and February, and with the 

lowest relative humidity values during those same months (Figures 2A, 2B, and 2C). 

These conditions were associated with higher atmospheric evaporative demand 

during this period. In terms of accumulated precipitation, the first two seasons showed 

a similar pattern, with no rainfall events recorded during the evaluation period 

(November to March). In contrast, the third season (Figure 2C) had higher 

precipitation rates, with rainfall events in October, November, and February, reaching 

accumulations of up to 40 mm in November. 
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Figure 2. Monthly temperature, relative humidity, and accumulated precipitation 

recorded at the nearest weather station in a sweet cherry orchard in Placilla, 

O’Higgins Region, from anthesis to the onset of leaf senescence (September to May) 

during the 2021–2022 (Season 2022, A), 2022–2023 (Season 2023, B), and 2023–

2024 (Season 2024, C) seasons. 

 

Seasonal differences were observed in the monthly crop evapotranspiration (ETc) 

during the three evaluated seasons (Figure 3B). In all seasons, ETc increased sharply 

from November to December, coinciding with the onset of active shoot growth. 

December consistently marked the period of highest water demand, with ETc values 

reaching approximately 3.0 mm in the first season (2021–2022), increasing to over 

3.7 mm in the second season (2022–2023), and around 3.2 mm in the third season 

(2023–2024). This trend continued into January, maintaining elevated ETc levels 

across all seasons. 

Regarding the crop coefficient (Kc) (Figure 3A), maximum values were reached in 

December at all three stations, with values close to 0.8, followed by a progressive 

decrease towards the end of the cycle. These seasonal variations in ETc and Kc were 

consistent with the patterns of vapor pressure deficit (VPD), which showed the 

highest monthly averages during December, January, and February in all seasons 

(Supplementary Table 1). However, VPD values under peak demand conditions were 

reached in February (~3.6 kPa) during the second season (2022-2023), compared to 

approximately 3.0 kPa in the first season. In contrast, during the last season, the 

month with the highest demand was January (~3.6 kPa). The high VPD during the 

summer months reflects the combined effect of high temperatures and low relative 

humidity (Supplementary Table 1). 
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Figure 3. Monthly average of (A) crop coefficient (Kc) and (B) crop evapotranspiration 

in a ‘Santina’ sweet cherry orchard in Placilla, O’Higgins Region, from anthesis to the 

onset of leaf senescence (September to May) during the 2021-2022 (Season 2022), 

2022-2023 (Season 2023), and 2023-2024 (Season 2024) seasons. Error bars 

represent ± 1 se (n = 4). 

The cumulative ETc showed seasonal variability (Table 2). In the first season (2021–

2022), ETc was the lowest, reaching 6,403 m³ ha⁻¹. In the second season (2022–

2023), ETc increased significantly to 7,889 m³ ha⁻¹, representing the highest value 

recorded. In the third season (2023–2024), ETc slightly decreased to 7,138 m³ ha⁻¹. 

Notably, the third season also recorded the highest effective precipitation, with a total 

of 1,552 m³ ha⁻¹. 

Regarding irrigation practices, RDI treatments consistently reduced the volume of 

water applied compared to the control treatment across all seasons. In the first 

season, water applications under MDI and SDI were 8.2% and 11.7% below the 

seasonal ETc, respectively. The second season showed the most pronounced 

reductions, with SDI decreasing water application by 28.3% and MDI by 19.3%, 

corresponding to 15.9% and 25.2% below ETc. In the third season, water savings 

were lower, with reductions of 9.9% (MDI) and 11.3% (SDI), and irrigation volumes 

were close to 100% of ETc. In contrast, the control treatment consistently applied 
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water volumes close to or above crop requirements, exceeding ETc by 11% in the 

third season. 

Ψstem remained below the baseline threshold (~ −0.6 MPa) from harvest (stage 87) to 

the onset of leaf senescence (stage 92) in all treatments and seasons (Figure 4). 

Although all plants experienced water stress after harvest, each season showed a 

distinct pattern in terms of occurrence, duration, and severity. Control treatment 

consistently maintained the highest Ψstem values, which generally ranged from −0.8 to 

−1.2 MPa during the first two seasons (2022 and 2023). In both seasons, control 

plants reached the minimum value (~ −1.2 MPa) only once. In contrast, during the 

third season (2024), the control treatment recorded three instances in which Ψstem 

dropped between −1.0 and −1.2 MPa, associated with commercial irrigation 

management practices. 

Following irrigation cuts, both deficit treatments quickly reached their defined stress 

thresholds. In the first season (2022), the most severe stress occurred for 

approximately four weeks, from late January to early March. During this period, MDI 

plants reached minimum Ψstem values close to −1.6 MPa, while SDI plants dropped to 

−2.0 MPa. The second season (2023) showed a more pronounced and prolonged 

decrease in Ψstem, with more severe stress lasting approximately six weeks, from 

December to the end of February. In this season, MDI plants reached minimum 

values of −1.7 MPa, and SDI plants consistently recorded the lowest values, with 

minimums between −1.8 and −2.0 MPa. 

Table 2. Cumulative values of irrigation, effective precipitation, and applied water 

(irrigation + precipitation), and difference in applied water (%) under three postharvest 

irrigation treatments: Control (commercial irrigation), MDI (moderate regulated deficit 

irrigation after harvest), and SDI (severe regulated deficit irrigation after harvest), 

conducted in a 'Santina' sweet cherry orchard located in Placilla, O’Higgins Region, 

during the 2022 (2021-2022), 2023 (2022-2023), and 2024 (2023-2024) seasons. 

Effective precipitation was estimated using the FAO [33] methodology.  
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Cumulative Values 
Irrigation Treatment  

Control MDI SDI 

Season 2022      
 

Crop evaporation (m
3
 ha

-1
) 6,403  

Irrigation (m
3
 ha

-1
) 6,474

 
 

 
 5,425  5,197 

Effective Precipitation (m
3
 ha

-1
) 

 454 

Applied water (m
3
 ha

-1
) 6,928 5,879 5,651 

Difference in Applied Water (%)  - -15.1%
 
 -18.4%

 
 

Season 2023      
 

Crop evaporation (m
3
 ha

-1
) 7,889 

Irrigation (m
3
 ha

-1
) 7,972 6,388  5,648 

Effective Precipitation (m
3
 ha

-1
) 

 250 

Applied water (m
3
 ha

-1
) 8,222 6,638 5,898 

Difference in Applied Water (%)  - -19.3%
 
 

 
-28.3%

 
 

Season 2024      
 

Crop evaporation (m
3
 ha

-1
) 

 
7,138  

Irrigation (m
3
 ha

-1
) 6,370  

 
5,583   5,477  

Precipitation (m
3
 ha

-1
) 1,552 

Applied water (m
3
 ha

-1
) 

 7,922 7,135 7,029 

Difference in Applied Water (%)  - -9.9%
 
 -11.3%

 
 

 

In the third season (2024), however, the treatments did not differ significantly during 

most of the season in terms of water stress, except for a measurement taken during 

the second week after stage 92, in which SDI recorded a lower Ψstem than the MDI 

and control treatments.  
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Figure 4. Stem water potential at midday (12:00–15:00 h) in a sweet cherry orchard 

under three irrigation treatments: Control (commercial irrigation), MDI (moderate 

regulated deficit irrigation after harvest), and SDI (severe regulated deficit irrigation 

after harvest), conducted in Placilla, O’Higgins Region, during the 2022, 2023, and 

2024 seasons. Black arrows indicate the irrigation cutoff dates, and white arrows 

indicate the resumption of irrigation in RDI treatments (MDI and SDI). The black line 

represents the baseline for optimal water status. Asterisks (*) indicate significant 

differences (p ≤ 0.05, n = 4). Phenological stages are shown according to the BBCH 

scale: Stage 89 (fruit ripe for harvest), Stage 91 (shoot growth completed; foliage 

green), and Stage 92 (Leaves begin to fade color) [28]. 
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Water stress Integral  

Post-harvest water stress accumulation (SΨ) varied according to the treatment 

applied (Figure 5), being systematically lower in the control and higher in the RDI 

treatments. In the 2022 and 2023 seasons, MDI and SDI showed significantly more 

negative accumulations than the control, with differences greater than −10 MPa and 

−25 MPa, respectively, at the end of the period. Water stress intensified in both 2022 

and 2023 after stage 91, although in the second season, the RDI treatments (MDI 

and SDI) were already significantly different from the control immediately after 

harvest. In both seasons, the SDI treatment reached accumulations below −50 MPa 

at the end of the monitoring period, while MDI showed an intermediate level of stress 

in all seasons. Both treatments showed a marked increase in accumulation after 

stage 91. Although in 2024 the SΨ levels were similar between treatments, the 

accumulation pattern remained: Control < MDI < SDI, however, without significant 

differences, reaching accumulation values close to each other.  
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Figure 5. Water stress integral (MPa) after harvest in a sweet cherry orchard under 

three irrigation treatments: Control (commercial irrigation), MDI (moderate regulated 

deficit irrigation after harvest), and SDI (severe regulated deficit irrigation after 

harvest), conducted in Placilla, O’Higgins Region, during the 2022, 2023, and 2024 

seasons. Black arrows indicate irrigation cutoff dates, and white arrows indicate 

irrigation resumption in RDI treatments (MDI and SDI). Asterisks (*) denote significant 

differences (p ≤ 0.05, n = 4). Phenological stages are shown according to the BBCH 

scale: Stage 89 (fruit ripe for harvest), Stage 91 (shoot growth completed; foliage 

green), and Stage 92 (Leaves begin to fade color) [28]. 

The RDI irrigation strategies influenced total accumulated water stress (Figure 6). The 

control treatment showed the lowest stress accumulation, with a value of −80 MPa. In 

contrast, the MDI and SDI treatments reached significantly more negative 

accumulations, with values close to −115 MPa and −140 MPa, respectively. Although 

both RDI treatments accumulated higher stress levels than the control, they did not 

differ from each other. 

 

Figure 6. Cumulative water stress integral (MPa) after harvest in a sweet cherry 

orchard under three irrigation treatments: Control (commercial irrigation), MDI 



31 
 

(moderate regulated deficit irrigation after harvest), and SDI (severe regulated deficit 

irrigation after harvest), conducted in Placilla, O’Higgins Region, during the 2022, 

2023, and 2024 seasons. Different letters indicate significant differences between 

treatments according to LSD Fisher’s test (p ≤ 0.05, n = 4). 

3.3. Physiological Responses 

The application of post-harvest irrigation treatments resulted in a significant decrease 

in stomatal conductance (gs) in plants subjected to RDI compared to the control 

treatment during the three seasons evaluated (Figure 7). Plants under commercial 

irrigation consistently maintained the highest gs values, with maximums close to 500 

mmol m⁻² s⁻¹ in 2022, approximately 280 mmol m⁻² s⁻¹ in 2023, and above 300 mmol 

m⁻² s⁻¹ in 2024, while the minimum values did not fall below 150 mmol m⁻² s⁻¹. In 

contrast, the RDI treatments showed lower values, with differences from the control 

that were evident at different times depending on the season. In 2022, these 

differences were observed from the fourth week after the start of Stage 91; in 2023, 

from the third week after harvest; and in 2024, the control treatment showed 

significantly higher values for three consecutive weeks from the fifth week after 

harvest. The MDI treatment reached minimum gs values of less than 200 mmol m⁻² 

s⁻¹ in 2022, which fell to just over 100 mmol m⁻² s⁻¹ in 2023. For its part, the SDI 

treatment recorded the lowest levels of stomatal conductance consistently in all 

seasons, with minimums close to 200 mmol m⁻² s⁻¹ in 2022 and values close to 50 

mmol m⁻² s⁻¹ in 2023 and 2024. 
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Figure 7. Stomatal conductance (mmol m⁻² s⁻¹) at midday (12:00–15:00 h) in a sweet 

cherry orchard under three irrigation treatments: Control (commercial irrigation), MDI 

(moderate regulated deficit irrigation after harvest), and SDI (severe regulated deficit 

irrigation after harvest), conducted in Placilla, O’Higgins Region, during the 2022, 

2023, and 2024 seasons. Asterisks (*) denote significant differences (p ≤ 0.05, n = 4). 

Phenological stages are shown according to the BBCH scale: Stage 89 (fruit ripe for 

harvest), Stage 91 (shoot growth completed; foliage green), and Stage 92 (Leaves 

begin to fade color) [28]. 
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Regression analysis between Ψstem and gs, based on data collected during the three 

seasons evaluated, showed a positive relationship (R² = 0.94, p < 0.001) (Figure 8). 

Maximum stomatal conductance was associated with Ψstem values close to −0.7 MPa, 

maintaining a relative conductance between 80% and 100%. As Ψstem decreased to 

−1.4 MPa, gs was reduced by approximately 40%, a stress level mainly reached by 

RDI treatments. When the plants reached a Ψstem of −2.0 MPa, a threshold 

consistently recorded in the SDI treatment, gs was reduced by more than 60%, with 

relative values below 40%. On the other hand, even under Ψstem conditions above 

−0.7 MPa, a slight decrease in gs of close to 10% was observed when Ψstem reached 

−0.5 MPa. 

 

Figure 8. Relationship between midday stem water potential (12:00–3:00 p.m.) and 

relative stomatal conductance (%) in cherry trees under three irrigation treatments: 

Control (commercial irrigation), MDI (moderate post-harvest deficit), and SDI (severe 

post-harvest deficit) in a commercial orchard located in Placilla, O'Higgins Region. 

The data corresponds to the average for the 2022, 2023, and 2024 seasons. The 

adjusted polynomial regression (y = 28,349 − 202,643x − 200,637x² − 50,749x³) was 

significant (p < 0.001, n = 3), with a coefficient of determination R² = 0.94. 

No significant differences were observed in photosystem II efficiency (Fv/Fm) or LAI 

between post-harvest irrigation treatments during the three seasons evaluated (Table 
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3). The average Fv/Fm values remained stable between treatments, ranging between 

0.65 and 0.76, while LAI values fluctuated between 5.47 and 6.47 without showing 

differences.  

Table 3. Seasonal Photosystem II Efficiency (Fv/Fm) and Final Leaf Area Index (LAI) 

under Three Postharvest Irrigation Treatments, Control (Commercial Irrigation), MDI 

(Moderate Regulated Deficit Irrigation after Harvest), and SDI (Severe Regulated 

Deficit Irrigation after Harvest), in a 'Santina' Sweet Cherry Orchard Located in 

Placilla, O’Higgins Region, during the 2022 (2021–2022), 2023 (2022–2023), and 

2024 (2023–2024) Seasons. Values are means ± standard deviation (SD); ns 

indicates no significant differences according to ANOVA test (p > 0.05). 

Photosystem II 

efficiency 
Irrigation Treatment 

 

Season Control MDI SDI p-value 

2021-2022 0.67 ± 0.14 0.66 ± 0.14 0.65 ± 0.18 ns 

2022-2023 0.68 ± 0.14 0.69 ± 0.10 0.69 ± 0.11 ns 

2023 - 2024 0.76 ± 0.07 0.75 ± 0.09 0.73 ± 0.14 ns 

Leaf area index     

2021-2022 5.70 ± 1.48 5.98 ± 0.78 5.47 ± 1.27 ns 

2022-2023 5.67 ± 1.24 5.97 ± 1.08 5.67 ± 1.49 ns 

2023-2024 6.47 ± 0.98 5.93 ± 0.85 5.52 ± 0.26 ns 

Intrinsic Water Use  

The levels of carbon 13 (¹³C) discrimination were evaluated after the application of 

post-harvest irrigation treatments during three consecutive seasons. The results 

showed significant differences between treatments (Figure 9). The SDI treatment 

showed significantly less negative ¹³C discrimination values (-27.8 ‰), compared to 

the Control and MDI treatments, whose values were close to −28.5 ‰. 
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Figure 9. 13C discrimination in cherry trees (1st week of March 2024) under three 

irrigation treatments: Control (commercial irrigation), MDI (moderate deficit irrigation 

after harvest), and SDI (severe deficit irrigation after harvest), in Placilla, O’Higgins 

Region, during the 2022, 2023, and 2024 seasons. Different letters indicate significant 

differences between treatments according to LSD Fisher’s test (p ≤ 0.05, n = 4). Error 

bars represent ±1 es. 

 

Reproductive and Vegetative Growth Responses  

The application of RDI treatments after harvest did not significantly affect most 

reproductive parameters. No differences were observed between treatments (p > 

0.05) in orchard yield (Table 4), yield per plant, or crop load during the 2023 and 2024 

seasons. Similarly, most fruit quality attributes, including color, diameter, and soluble 

solids, showed no significant differences between treatments (Table 5). The only 

exception was observed in fruit weight during the 2023 season, where the MDI 

treatment (11.7 g) produced significantly heavier fruits than the control treatment (9.9 

g); however, this effect was not consistent, as it was not observed in the following 

season.  
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Table 4. Yield parameters of 'Santina' sweet cherry trees under three postharvest 

irrigation treatments: Control (commercial irrigation), MDI (moderate deficit irrigation 

after harvest), and SDI (severe deficit irrigation after harvest), conducted in a 

commercial orchard located in Placilla, O’Higgins Region, during the 2023 (2022–

2023) and 2024 (2023–2024) seasons. Different letters indicate significant differences 

between treatments according to LSD Fisher’s test (p ≤ 0.05, n = 4). “ns” indicates 

non-significant differences. 

 
Irrigation Treatment  

Control MDI SDI P-value 

Season 2023     

Orchard yield (ton ha
-1

) 22.6 ± 2.5 19.8 ± 3.9 21.5 ± 2.7 ns 

Plant yield (kg tree
-1

) 24.5 ± 2.7 20.6 ± 5.4 23.3 ± 3.0 ns 

Crop load (fruits tree
-1

) 2,472 ± 268 1,825 ± 360 2,261 ± 287 ns 

Season 2024     

Orchard yield (ton ha
-1

) 14.6 ± 2.7 12.4 ± 2.5 15.0 ± 2.9 ns 

Plant yield (kg tree
-1

) 15.8 ± 2.9 13.4 ± 2.7 16.2 ± 3.1 ns 

Crop load (fruits tree
-1

) 1,435 ± 263 1,183 ± 242 1,571 ± 303 ns 

 

No significant differences in fruit quality or condition parameters were observed 

among irrigation treatments during the first evaluated season (2023). However, during 

the second season (2024), apical cracking was detected across all treatments, with 

mean values ranging from 21.3% to 27.5% (Table 5). Although this physiological 

disorder was present, it did not appear to be associated with any specific irrigation 

treatment. 

Table 5. Fruit quality parameters of 'Santina' sweet cherry trees under three 

postharvest irrigation treatments: Control (commercial irrigation), MDI (moderate 

deficit irrigation after harvest), and SDI (severe deficit irrigation after harvest), 

conducted in a commercial orchard located in Placilla, O’Higgins Region, during the 
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2023 (2022–2023) and 2024 (2023–2024) seasons. Different letters indicate 

significant differences between treatments according to LSD Fisher’s test (p ≤ 0.05, n 

= 4). “ns” indicates non-significant differences. 

   Irrigation Treatment  

   Control MDI SDI P-value 

Season 2023     

Color     

L 22.5 ± 0.8 21.6 ± 1.6 22.3 ± 1.1 ns 

a 23.8 ± 0.9 23.2 ± 6.6 24.2 ± 5.2 ns 

b 5.1 ± 0.5 5.0 ± 2.3 5.3 ± 1.9 ns 

Weight (g) 9.9 b ± 1.0 11.7 a ± 1.0 10.3 ab ± 0.5 p ≤ 0.05 

Polar diameter (mm) 24.5 ± 0.5 25.6 ± 1.7 24.6 ± 1.4 ns 

Equatorial diameter 

(mm) 
25.7 ± 0.9 27.2 ± 2.2 26.0 ± 1.8 ns 

Soluble solids (ºBrix) 14.3 ± 0.2 15.0 ± 1.6 15.0 ± 0.9 ns 

Season 2024    

Color   

L 21.4 ± 0.4 22.2 ± 1.4 22.8 ± 3.2 ns 

a 23.8 ± 3.4 25.1 ± 6.1 27.6 ± 10.9 ns 

b 5.9 ± 1.2 6.3 ± 2.0 7.4 ± 4.0 ns 

Weight (g) 11.0 ± 0.9 11.3 ± 0.9 10.3 ± 0.3 ns 

Polar diameter (mm) 25.9 ± 1.0 25.8 ± 0.4 24.5 ± 0.6 ns 

Equatorial diameter 

(mm) 
27.6 ± 1.3 27.6 ± 0.9 26.4 ± 0.4 ns 

Soluble solids (ºBrix) 15.4 ± 0.8 15.9 ± 1.5 15.4 ± 1.7 ns 

Apical cracking (%) 21.6% ± 2.3% 27.5% ± 2.5% 21.3% ± 8.9% ns 
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The relative abundance of fine roots was higher in the MDI and SDI treatments 

compared to the control, with an increase of more than 0.1 units in both cases, 

following the application of treatments for three post-harvest seasons (See Figure 10) 

 

Figure 10. Relative abundance of fine roots in ‘Santina’ cherry trees (n = 3). 

Evaluated in ‘Santina’ cherry trees subjected to three post-harvest irrigation 

treatments: Control (commercial irrigation), MDI (moderate deficit), and SDI (severe 

deficit), in a commercial orchard located in Placilla, O'Higgins Region. Error bars 

represent ±1 s.e. Different letters indicate significant differences between treatments 

according to Fisher's LSD test (p < 0.05). 

Cultivable microbiota response   

No significant differences were found between irrigation treatments in free soil 

bacterial populations (data not shown). However, in the rhizosphere, RDI treatments 

(MDI and SDI) showed significant effects on cultivable microbiota (Figure 11). The 

populations of aerobic and facultative anaerobic mesophiles (AER), Azospirillum spp. 

(AZO), and Actinobacteria (ACT) were significantly higher in the MDI and SDI 

treatments compared to the control. In addition, AER were significantly more 
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abundant in SDI treatment than in MDI. A similar trend was observed in nitrogen-

fixing bacteria (NFB) and Bacillus spp. (BAC), where both deficit treatments had 

significantly higher populations than the control. In the case of Azotobacter spp. 

(AZOT), SDI treatment showed a significantly higher population than control, while 

MDI showed no differences from the other treatments. No significant differences were 

detected between treatments in the populations of anaerobic mesophiles (ANA), 

Pseudomonas spp. (PSE), or phosphate-solubilizing bacteria (PSB). 

 

Figure 11. Bacterial population (LOG CFU) in the rhizosphere of ‘Santina’ cherry 

trees (n = 3). AER: aerobic and facultative anaerobic mesophiles; ANA: anaerobic 

mesophiles; AZO: Azospirillum spp.; BAC: Bacillus spp.; NFB: nitrogen-fixing 

bacteria; PSE: Pseudomonas spp.; ACT: Actinobacteria spp.; AZOT: Azotobacter 

spp.; PSB: phosphate-solubilizing bacteria. Evaluated in ‘Santina’ cherry trees 
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subjected to three post-harvest irrigation treatments: Control (commercial irrigation), 

MDI (moderate deficit), and SDI (severe deficit), in a commercial orchard located in 

Placilla, O'Higgins Region. Different letters indicate significant differences between 

treatments according to Fisher's LSD test (p < 0.05). Error bars represent ±1 s.e. 

Regression analysis showed a positive relationship between accumulated water 

stress values (−SΨ) during the three seasons and PGPB bacterial populations in the 

rhizosphere, observed in the RDI treatments (See Figure 12). As cumulative water 

stress increased, that is, as SΨ values became more negative, an increase was 

observed in the populations of aerobic and facultative anaerobic mesophiles (AER), 

nitrogen-fixing bacteria (NFB), Azotobacter spp. (AZOT), and Bacillus spp. (BAC). 

The coefficients of determination obtained were R² = 0.76 (p < 0.01) for AER, R² = 

0.77 (p < 0.01) for NFB, R² = 0.64 (p < 0.01) for AZOT, and R² = 0.52 (p < 0.05) for 

BAC. 
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Figure 12. Relationship between bacterial population (LOG CFU) in the rhizosphere 

of ‘Santina’ cherry trees and cumulative water stress (MPa) during three post-harvest 

seasons (n = 3). The bacterial groups included are: AER (aerobic mesophiles and 

facultative anaerobes), AZOT (Azotobacter spp.), NFB (nitrogen-fixing bacteria), and 

BAC (Bacillus spp.). Evaluated in ‘Santina’ cherry trees subjected to three post-

harvest irrigation treatments: Control (commercial irrigation), MDI (moderate deficit), 

and SDI (severe deficit), in a commercial orchard located in Placilla, O'Higgins 

Region. Error bars represent the model prediction at 68% (±1 standard deviation). 

The relationships were adjusted using linear regression equations: AER: y = 3.45 − 

0.03x (R² = 0.76, p < 0.01); AZOT: y = 4.83 − 0.001x (R² = 0.64, p < 0.01); NFB: y = 

4.83 − 0.02x (R² = 0.77, p < 0.01); BAC: y = 3.84 − 0.02x (R² = 0.52, p < 0.05). 

Discussion 

The results of this study show that traditional commercial orchards of ‘Santina’ sweet 

cherry trees established in central Chile can be irrigated at a deficit after harvest for 

more than two consecutive seasons without generating carryover effects on 

production parameters. The implementation of this strategy resulted in water savings 

ranging from 10% to 28% compared to commercial irrigation (Table 2).  

The period of regulated deficit irrigation (RDI) application coincided with a time of year 

characterized by (1) maximum atmospheric evaporative demand (Figure 3B), (2) 

limited availability of irrigation water, and (3) the coexistence of other fruit crops in 

phenological stages more sensitive to water stress, whose demand must be 

prioritized to avoid negative impacts on yield and quality. In this context, the 

application of RDI in ‘Santina’ sweet cherry trees represents an efficient strategy for 

redistributing water resources to more sensitive species or cultivars during this period. 

The application of RDI is particularly relevant since ‘Santina’ is an early-maturing 

cultivar compared to other commercial cultivars [43], in which harvest operations in 

Chile are carried out in late November (Table 1), when the evaporative demand has 

not yet reached its annual maximum. 
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Before the application of RDI treatments, plants exhibited stem water potentials 

(Ψstem) slightly below the baseline (Figure 4), suggesting near-optimal water 

conditions. This reflects commercial irrigation strategies aimed at balancing water 

supply to avoid both overwatering and moderate stress near harvest. However, 

postharvest irrigation is often reduced or suspended in cherry orchards, especially 

under high evaporative demand and limited water availability. The control treatment in 

this study confirmed this practice, showing consistently sub-baseline Ψstem values 

throughout the experimental period, with minimum values near −1.2 MPa (Figure 4), 

indicating moderate water stress even under standard irrigation. 

Once the RDI treatments were applied, Ψstem exhibited high variability throughout 

each season. From harvest to stage 91, Seasons 1 and 3 showed comparable 

declines in Ψstem across all treatments, reaching moderate water stress levels (Ψstem 

close to −1.3 MPa) by the end of this period. These progressive declines were 

associated with increases in maximum daily vapor pressure deficit (VPD) and solar 

radiation between December and January (Supplementary Table 1). During the first 

half of the experimental period, differences in Ψstem among treatments in both 

seasons were small and inconsistent. 

In Season 2, the gap between Ψstem values of the control and RDI treatments was the 

largest observed during the study, with minimum stomatal conductance values in RDI 

plants reaching only half of those recorded in control plants (Figure 7). These 

significant reductions in stomatal conductance under RDI during Season 2 may have 

limited photosynthesis and affected the normal growth and development of vegetative 

organs. It has been reported that stomatal conductance (gs) is highly dependent on 

Ψstem [44, 35], which is consistent with the results of the present study, where gs 

responded to changes in water status across all three seasons (Figure 7). A strong 

correlation (R² = 0.94) was observed, establishing that at a Ψstem threshold of −1.8 

MPa, plants closed their stomata by approximately 60% as a physiological 

mechanism to regulate transpiration and prevent irreversible dehydration damage 

[45]. Conversely, under over-irrigation conditions (Ψstem ~ −0.5 MPa), a reduction in 

stomatal conductance of around 10% was detected, possibly linked to decreased root 
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oxygenation [46]. Despite these stress events and partial stomatal closures in the RDI 

treatments, the photochemical efficiency of photosystem II (Fv/Fm) remained stable 

throughout all seasons (Table 3), with values within the expected range under normal 

growth conditions [47]. Since stage 91 marks the end of shoot growth, it would be 

reasonable to expect reduced vegetative development in RDI-treated plants 

compared to control. However, leaf area index (LAI) measurements at the end of 

each growing season showed no significant differences among irrigation treatments 

(Table 3). Sweet cherry trees typically reach their maximum shoot growth rates from 

late spring to early summer, with peak elongation occurring between late November 

and early December in the Southern Hemisphere [48]. Therefore, the results suggest 

that up to four one-week episodes of severe water stress between harvest and the 

end of shoot growth (December to January), a period when shoot elongation rate is 

already declining, did not negatively impact vegetative development. 

While Season 3 exhibited slight variations in Ψstem among irrigation treatments 

between stages 91 and 92, Seasons 1 and 2 showed two and three instances, 

respectively, of severe water stress in SDI plants (Ψstem < −1.5 MPa). In MDI plants, 

water stress severity ranged from moderate to severe during the first and second 

seasons, with two to three one-week stress events occurring before the leaves begin 

to fade color. The greater severity and cumulative duration of water stress in Season 

2 are evident when analyzing the seasonal cumulative water stress integral (SΨ). 

During this season, RDI treatments exhibited higher cumulative water stress levels 

compared to the control treatment (Figure 5).  

The prolonged exposure of SDI and MDI plants to severe water stress may have 

potentially disrupted the normal progression of flower development, as floral 

differentiation for the following season occurs between stages 89 and 92. However, 

results clearly showed that yield per tree was not affected by irrigation treatments in 

any of the three seasons (Table 4), suggesting that flower differentiation was likely 

not impaired by postharvest water stress. Furthermore, the significantly higher values 

SΨ observed in RDI treatments did not impact fruit quality in the subsequent season 

(Table 5). 
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These findings are consistent with previous studies, which reported that postharvest 

water deficits with Ψleaf values between −1.6 and −1.9 MPa allowed irrigation to be 

reduced by 20–25% over four consecutive seasons without negatively affecting yield 

or fruit quality [49]. Similarly, Blanco et al. [50] found that, in the ‘Prime Giant’ cultivar, 

deficit irrigation equivalent to 55% of ETc during the postharvest period did not affect 

fruit size or flowering, even after three consecutive seasons. 

In contrast to the findings of this study, several previous reports have indicated that 

post-harvest water deficits can negatively affect vegetative development and yield in 

the following season [7], mainly due to reduced carbohydrate reserves, which are 

essential for early shoot growth, flowering, and fruiting [51-53]. Marsal et al. [16] 

reported that Ψstem values below −1.5 MPa may compromise yield, given the close 

relationship between sugar concentration in buds and vegetative growth [54]. 

Similarly, Blanco et al. [13] documented a ~7% reduction in canopy volume after three 

seasons of RDI with Ψstem < −1.6 MPa. However, no adverse physiological effects 

attributable to RDI treatments were observed in the present study, suggesting that the 

intensity and duration of the applied stress were not sufficient to trigger such 

responses. On the other hand, the average soluble solids content (°Brix) remained 

below the optimal commercial threshold of 16 °Brix across all seasons, and although 

fruit diameters exceeded the pre-sizing limit (>22 mm), most fruits were classified 

within the smaller commercial categories (L and XL). Additionally, the higher yield 

recorded in the first season compared to the second may be associated with an 

alternate bearing pattern rather than irrigation management. A slight incidence of 

apical cracking was also observed in the second season, attributed to cuticular water 

absorption following November rainfall events (Figure 2), which affected all 

treatments similarly. Overall, these results suggest that the occurrence of cracking, as 

well as the observed variations in yield and fruit quality parameters, were more 

closely related to environmental and management conditions than to the applied post-

harvest water deficits. 

The water savings achieved through RDI strategies, combined with the moderate to 

severe stress levels and their controlled duration, together with the efficient stomatal 
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regulation observed particularly in the SDI treatment, contributed to physiological 

adjustments that enhanced water use efficiency. The significant differences observed 

in δ¹³C isotopic discrimination indicate that the postharvest water deficit effectively 

modified intrinsic water use efficiency (WUEᵢ). The less negative δ¹³C values recorded 

in SDI (−27.8 ‰) reflect reduced stomatal conductance accompanied by increased 

carbon assimilation and transpiration, consistent with the gs reductions observed 

across the three seasons (Figure 9). These results suggest that under moderate to 

severe stress conditions, plants maintained photosynthetic activity while limiting water 

loss, leading to improved instantaneous WUEᵢ [40, 38]. This physiological response is 

further supported by the stability of photochemical efficiency (Fv/Fm) (Table 3). 

When plants reached moderate to severe levels of water stress, the RDI treatments 

were irrigated in the same way as the control, maintaining Ψstem between 

approximately −0.8 and −1.2 MPa. However, irrigation cuts generated water 

fluctuations due to soil drying and rehydration, which may have caused changes in 

the microbiological dynamics between treatments (Figure 11). The differences found 

between treatments in the rhizosphere bacterial populations in this study are 

consistent with those reported by Meisner et al. [55], who noted that drying–rewetting 

cycles can induce microbial legacy effects, modifying bacterial communities 

compared to conditions of constant soil moisture [56]. 

In this study, the RDI treatments induced changes in the bacterial population 

composition in the rhizosphere, even after three consecutive seasons (Figure 11). 

This effect was more evident in SDI, where irrigation cuts were longer at certain times 

and the lowest values of Ψstem and SΨ were recorded. This condition would have 

favored the proliferation of aerobic bacteria, which increased by 21% in MDI and 27% 

in SDI compared to control, probably due to greater soil drying and greater oxygen 

diffusion in the rhizosphere. 

In contrast to the recent results of Calderón-Orellana et al. [11], in plum trees, where 

three times fewer anaerobic bacteria were observed under water deficit conditions 

compared to over-irrigation management, the RDI treatments in the present study 

showed no significant differences in this bacterial group compared to the control. The 
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lack of significance suggests that the control was not exposed to over-irrigation 

conditions, remaining constantly below the soil moisture baseline (Figure 4) and close 

to 100% ETc (Table 2), which would have prevented the generation of hypoxia 

conditions favorable for the development of these bacteria. 

Canarini et al. [57] proposed that repeated exposure to droughts can induce an 

“ecological memory” characterized by greater functional resilience of bacterial 

communities. Under water stress, plants increase the synthesis of abscisic acid 

(ABA), modifying the amount and composition of root exudates, which act as 

chemical signals and carbon sources that promote certain beneficial microbial 

colonization [58, 59]. 

In this sense, the increase in plant growth-promoting bacteria (PGPB) observed in 

this study could be due to both the alteration of root exudates and changes in soil 

oxygenation. A significant increase in Bacillus, Azospirillum, nitrogen-fixing bacteria, 

Actinobacteria, and Azotobacter were observed, even after three seasons with highly 

variable plant water status and environmental conditions (i.e., summer rainfall (<7 

mm) and VPD; Figure 2). Most of these bacteria are strictly aerobic, except some 

facultative anaerobic Actinobacteria, which could explain their higher numbers in the 

RDI treatments. 

The populations of Azotobacter spp., nitrogen-fixing bacteria, Bacillus spp., and 

aerobic bacteria increased by more than 20% compared to the control, showing a 

linear relationship with SΨ accumulated over the three seasons (Figure 12), 

reinforcing the hypothesis of stress-induced ecological memory. This interaction is 

key, as PGPBs contribute to adaptation to water deficit by regulating water uptake, 

modifying root architecture, and synthesizing phytohormones such as indoleacetic 

acid (IAA) and gibberellins [60]. Strains within Azotobacter spp., for example, can 

produce cytokinins that promote moisture retention, while there have been reports on 

Bacillus spp. and Azospirillum spp. as being able to synthesize IAA and gibberellins 

that promote root growth [61, 62]. This coincides with the observed increase in the 

abundance of fine roots (Figure 10B), which accounted for about 70% of the roots 

sampled and were stimulated by more than 30% by the RDI treatments. This is 
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extremely relevant in orchards grafted onto ‘Colt’, characterized by a shallow root 

system and low drought tolerance [63]. 

These results suggest that applying RDI in orchards of 'Santina' cherry trees grafted 

onto more vigorous rootstocks after harvest, in ranges of Ψstem between −1.6 and 

−2.0 MPa, allows for water savings of up to 28% without compromising vegetative 

growth, yield, or fruit quality, even under moderate to severe stress events. Despite 

the high variability in the effects of irrigation treatments on Ψstem from one year to the 

next and the subtle differences between treatments observed last season, isotopic 

and microbiological analyses showed positive, consistent impacts of RDI on intrinsic 

water use efficiency and beneficial rhizosphere microbiota. The stimulation of 

beneficial bacterial communities and the increase in fine root abundance suggest 

strengthened water resilience mechanisms and greater resource use efficiency. 

Taken together, these findings reinforce the idea that the post-harvest RDI strategy 

optimizes water use, preserves physiological integrity, maintains productivity, and 

improves plant interaction with beneficial microbiota. This ensures the sustainability of 

commercial sweet cherry orchards in the face of water scarcity and climate variability. 

Conclusions  

This study demonstrates that regulated deficit irrigation (RDI) applied after harvest in 

traditional ‘Santina’ sweet cherry trees grafted onto Colt rootstock can be 

implemented over several seasons without compromising vegetative growth, yield, or 

fruit quality. Water savings ranged from 10% to 28%, and the levels of water stress 

achieved did not affect the main production parameters or photosynthetic efficiency. 

Severe deficit irrigation (SDI) improved intrinsic water use efficiency and stimulated 

the proliferation of beneficial rhizosphere bacteria, including Azospirillum, Bacillus, 

and nitrogen-fixing bacteria, suggesting the activation of water resilience mechanisms 

and possible ecological memory effects. The increase in fine root abundance 

supports improved water absorption and soil oxygenation under stress conditions. 

These findings position post-harvest RDI as a sustainable and adaptive strategy for 
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cherry production in Mediterranean climates, promoting water efficiency and orchard 

resilience to climate variability. 

References 

1. Oficina de Estudios y Políticas Agrarias (ODEPA). Catastro frutícola: principales 

resultados Región de Ñuble; Ministerio de Agricultura, 2024. Available online: 

https://bibliotecadigital.odepa.gob.cl/handle/20.500.12650/73934 (accessed on 12 

September 2025). 

2. Oficina de Estudios y Políticas Agrarias (ODEPA). Boletín de la fruta; Ministerio de 

Agricultura, 2025. Available online: 

https://apps.odepa.gob.cl/powerBI/boletin_fruta.html (accessed on 12 September 

2025). 

3. Ministerio del Medio Ambiente (MMA). Plan de acción regional de cambio 

climático. Región del Libertador General Bernardo O’Higgins (PARCC O’Higgins); 

Ministerio del Medio Ambiente, Chile, 2024. 

4. Bambach, N.E.; Rhoades, A.M.; Hatchett, B.J.; Jones, A.D.; Ullrich, P.A.; Zarzycki, 

C.M. Projecting climate change in South America using variable-resolution 

Community Earth System Model: An application to Chile. Int. J. Climatol. 2021, 42, 

2514–2542. https://doi.org/10.1002/joc.7379 

5. Departamento Meteorológico de Chile. Reporte evolución clima 2024; 2025. 

Available online: 

https://climatologia.meteochile.gob.cl/application/publicaciones/documentoPdf/rep

orteEvolucionClima/reporteEvolucionClima2024.pdf (accessed on 5 May 2025). 

6. Anjum, S.A.; Ashraf, U.; Zohaib, A.; Tanveer, M.; Naeem, M.; Ali, I.; Tabassum, T.; 

Nazir, U. Growth and development responses of crop plants under drought stress: 

A review. Zemdirbyste-Agriculture 2017, 104, 267–276. https://doi.org/10.13080/z-

a.2017.104.034 

7. Mitchell, P.D.; Chalmers, D.J. The effect of reduced water supply on peach tree 

growth and yields. J. Am. Soc. Hortic. Sci. 1982, 107, 853–856. 

https://bibliotecadigital.odepa.gob.cl/handle/20.500.12650/73934
https://apps.odepa.gob.cl/powerBI/boletin_fruta.html
https://doi.org/10.1002/joc.7379
https://climatologia.meteochile.gob.cl/application/publicaciones/documentoPdf/reporteEvolucionClima/reporteEvolucionClima2024.pdf
https://climatologia.meteochile.gob.cl/application/publicaciones/documentoPdf/reporteEvolucionClima/reporteEvolucionClima2024.pdf
https://doi.org/10.13080/z-a.2017.104.034
https://doi.org/10.13080/z-a.2017.104.034


49 
 

8. Calderón-Orellana, A. Challenges associated with a successful management of 

regulated deficit irrigation in commercial fresh-fruit production. Agric. Res. 

Technol. Open Access J. 2020, 24, 556268. 

https://doi.org/10.3390/plants14081222 

9. Girona, J.; Marsal, J.; Arbones, A.; DeJong, T.M. A comparison of the combined 

effect of water stress and crop load on fruit growth during different phenological 

stages in young peach trees. J. Hortic. Sci. Biotechnol. 2004, 79, 308–315. 

https://doi.org/10.1080/14620316.2004.11511766 

10. Hajlaoui, H.; Maatallah, S.; Guizani, M.; Boughattas, N.E.; Guesmi, A.; Ennajeh, 

M.; Dabbou, S.; Lopez-Lauri, F. Effect of regulated deficit irrigation on agronomic 

parameters of three plum cultivars (Prunus salicina L.) under semi-arid climate 

conditions. Plants 2022, 11, 1545. https://doi.org/10.3390/plants11121545 

11. Calderón-Orellana, A.; Plaza-Rojas, G.; Gerding, M.; Huepe, G.; Kuschel-Otárola, 

M.; Bastías, R.M.; Calderón-Orellana, M. Productive, physiological, and soil 

microbiological responses to severe water stress during fruit maturity in a super 

high-density European plum orchard. Plants 2025, 14(8), 1222. 

https://doi.org/10.3390/plants14081222 

12. Leib, B.G.; Caspari, H.W.; Redulla, C.A.; Andrews, P.K.; Jabro, J.J. Partial 

rootzone drying and deficit irrigation of ‘Fuji’ apples in a semi-arid climate. Irrig. 

Sci. 2006, 24, 85–99. https://doi.org/10.1007/s00271-005-0013-9 

13. Blanco, V.; Torres-Sánchez, R.; Blaya-Ros, P.J.; Pérez-Pastor, A.; Domingo, R. 

Vegetative and reproductive response of ‘Prime Giant’ sweet cherry trees to 

regulated deficit irrigation. Sci. Hortic. 2019, 249, 478–489. 

https://doi.org/10.1016/j.scienta.2019.02.016 

14. De la Rosa, J.M.; Conesa, M.R.; Domingo, R.; Torres, R.; Pérez-Pastor, A. 

Feasibility of using trunk diameter fluctuation and stem water potential reference 

lines for irrigation scheduling of early nectarine trees. Agric. Water Manag. 2013, 

126, 133–141. https://doi.org/10.1016/j.agwat.2013.05.009 

15. Marsal, J. FAO irrigation and drainage paper 66. Crop yield response to water. 

Sweet cherry; FAO: Rome, Italy, 2012; pp. 449–457. 

https://doi.org/10.3390/plants14081222
https://doi.org/10.1080/14620316.2004.11511766
https://doi.org/10.3390/plants11121545
https://doi.org/10.3390/plants14081222
https://doi.org/10.1007/s00271-005-0013-9
https://doi.org/10.1016/j.scienta.2019.02.016
https://doi.org/10.1016/j.agwat.2013.05.009


50 
 

16. Marsal, J.; López, G.; Arbones, A.; Mata, M.; Vallverdú, X.; Girona, J. Influence of 

postharvest deficit irrigation and pre-harvest fruit thinning on sweet cherry (cv. 

New Star) fruit firmness and quality. J. Hortic. Sci. Biotechnol. 2009, 84, 273–278. 

https://doi.org/10.1080/14620316.2009.11512516 

17. Blaya-Ros, P.J.; Blanco, V.; Torres-Sánchez, R.; Domingo, R. Drought-adaptive 

mechanisms of young sweet cherry trees in response to withholding and resuming 

irrigation cycles. Agronomy 2021, 11, 1812. 

https://doi.org/10.3390/agronomy11091812 

18. Kalefetoğlu, T.; Ekmekci, Y. The effects of drought on plants and tolerance 

mechanisms. Gazi Univ. J. Sci. 2005, 18, 723–740. 

19. AGV. Anuario viveros 2014; 2015. Available online: 

https://www.viverosdechile.cl/media/uploads/AGV_Anuario_Viveros_2014.pdf 

(accessed on 20 May 2025). 

20. Fang, Y.; Xiong, L. General mechanisms of drought response and their application 

in drought resistance improvement in plants. Cell. Mol. Life Sci. 2015, 72, 673–

689. https://doi.org/10.1007/s00018-014-1767-0 

21. Ilyas, M.; Nisar, M.; Khan, N.; Hazrat, A.; Khan, A.H.; Hayat, K.; Ullah, A. Drought 

tolerance strategies in plants: A mechanistic approach. J. Plant Growth Regul. 

2021, 40, 926–944. https://doi.org/10.1007/s00344-020-10174-5 

22. Gregory, P.; Atkinson, C.; Glyn, A.; Else, M.; Fernandez-Fernandez, F.; Harrison, 

R.; Schmidt, S. Contributions of roots and rootstocks to sustainable, intensified 

crop production. J. Exp. Bot. 2013, 64, 1209–1222. 

https://doi.org/10.1093/jxb/ers385 

23. Vidal, C.; González, F.; Santander, C.; Pérez, R.; Gallardo, V.; Santos, C.; Aponte, 

H.; Ruiz, A.; Cornejo, P. Management of Rhizosphere Microbiota and Plant 

Production under Drought Stress: A Comprehensive Review. Plants 2022, 11, 

2437. https://doi.org/10.3390/plants11182437   

24. Glick, B.R. Stress control and ACC deaminase. In Principles of Plant-Microbe 

Interactions: Microbes for Sustainable Agriculture; Springer International 

https://doi.org/10.1080/14620316.2009.11512516
https://doi.org/10.3390/agronomy11091812
https://www.viverosdechile.cl/media/uploads/AGV_Anuario_Viveros_2014.pdf
https://doi.org/10.1007/s00018-014-1767-0
https://doi.org/10.1007/s00344-020-10174-5
https://doi.org/10.1093/jxb/ers385


51 
 

Publishing: Cham, Switzerland, 2014; pp. 257–264. https://doi.org/10.1007/978-3-

319-08575-3_27 

25. Ullah, A. Zinc nutrition and microbial allelopathy for improving the productivity, 

grain biofortification and tolerance against abiotic stresses in chickpea; Doctoral 

Thesis, University of Agriculture: Faisalabad, Pakistan, 2019. 

26. Finkel, O.M.; Castrillo, G.; Paredes, S.H.; González, I.S.; Dangl, J.L. 

Understanding and exploiting plant beneficial microbes. Curr. Opin. Plant Biol. 

2017, 38, 155–163. https://doi.org/10.1016/j.pbi.2017.04.018 

27. CIREN. Recursos naturales comuna de Placilla; 2022. Available online: 

https://www.sitrural.cl/wp-content/uploads/2022/06/Placilla_rec_nat.pdf (accessed 

on 5 May 2025). 

28. Fadón, E.; Herrero, M.; Rodrigo, J. Flower development in sweet cherry framed in 

the BBCH scale. Sci. Hortic. 2015, 192, 141–147. 

https://doi.org/10.1016/j.scienta.2015.05.027 

29. Allen, R.G. Crop evapotranspiration: Guidelines for computing crop water 

requirements; FAO: Rome, Italy, 1998. 

30. D’Urso, G.; Richter, K.; Calera, A.; Osann, M.A.; Escadafal, R.; Garatuza-Pajan, 

J.; Hanich, L.; Perdigão, A.; Tapia, J.B.; Vuolo, F. Earth observation products for 

operational irrigation management in the context of the PLEIADeS project. Agric. 

Water Manag. 2010, 98, 271–282. https://doi.org/10.1016/j.agwat.2010.08.020 

31. Balbontín, N.C. Plataforma Agrícola Satelital (PLAS): Coeficientes de cultivo 

satelitales para aumentar eficiencia hídrica; PLAS, 2020. Available online: 

https://hdl.handle.net/20.500.14001/68930 (accessed on 10 May 2025). 

32. Grujić, N.; Golubović, M.; Jovanović, D. The use of satellite images in the field of 

agriculture. Zb. Rad. Geogr. Turizam Hotel. 2018, 11–22. 

33. FAO. CROPWAT: Programa de ordenador para planificar y manejar el riego. 

Estudio Riego y Drenaje No. 46; FAO: Rome, Italy, 1993. 

34. Howell, T.A.; Dusek, D.A. Comparison of vapor-pressure-deficit calculation 

methods—Southern High Plains. J. Irrig. Drain. Eng. 1995, 121, 191–198. 

https://doi.org/10.1061/(ASCE)0733-9437(1995)121:2(191) 

https://doi.org/10.1007/978-3-319-08575-3_27
https://doi.org/10.1007/978-3-319-08575-3_27
https://doi.org/10.1016/j.pbi.2017.04.018
https://www.sitrural.cl/wp-content/uploads/2022/06/Placilla_rec_nat.pdf
https://doi.org/10.1016/j.scienta.2015.05.027
https://doi.org/10.1016/j.agwat.2010.08.020
https://hdl.handle.net/20.500.14001/68930
https://doi.org/10.1061/(ASCE)0733-9437(1995)121:2(191)


52 
 

35. McCutchan, H.; Shackel, K.A. Stem-water potential as a sensitive indicator of 

water stress in prune trees (Prunus domestica L. cv. French). J. Am. Soc. Hortic. 

Sci. 1992, 117, 607–611. 

36. Reyes-Díaz, M.; Ivanov, A.G.; Huner, N.P.; Alberdi, M.; Corcuera, L.J.; Bravo, L.A. 

Thermal energy dissipation and its components in two developmental stages of a 

shade-tolerant species, Nothofagus nitida, and a shade-intolerant species, 

Nothofagus dombeyi. Tree Physiol. 2009, 29, 651–662. 

https://doi.org/10.1093/treephys/tpp003 

37. Myers, B.J. Water stress integral—A link between short-term stress and long-term 

growth. Tree Physiol. 1988, 4, 315–323. https://doi.org/10.1093/treephys/4.4.315 

38. Bchir, A.; Escalona, J.M.; Gallé, A.; Hernández-Montes, E.; Tortosa, I.; Braham, 

M.; Medrano, H. Carbon isotope discrimination (δ13C) as an indicator of vine 

water status and water use efficiency (WUE): Looking for the most representative 

sample and sampling time. Agric. Water Manag. 2016, 167, 11–20. 

https://doi.org/10.1016/j.agwat.2015.12.018 

39. Brugnoli, E.; Farquhar, G.D. Photosynthetic fractionation of carbon isotopes. In 

Photosynthesis: Physiology and Metabolism; Springer Netherlands: Dordrecht, 

The Netherlands, 2000; pp. 399–434. https://doi.org/10.1007/0-306-48137-5_17 

40. Farquhar, G.D.; Hubick, K.T.; Condon, A.G.; Richards, R.A. Carbon isotope 

fractionation and plant water-use efficiency. In Stable Isotopes in Ecological 

Research; Rundel, P.W., Ehleringer, J.R., Nagy, K.A., Eds.; Springer: New York, 

NY, USA, 1989; pp. 21–40. https://doi.org/10.1007/978-1-4612-3498-2_2 

41. Dobereiner, J.; Baldani, V.; Baldani, J. Como isolar e identificar bactérias 

diazotróficas de plantas não-leguminosas; Embrapa-SPI: Brasília, Brazil, 1995. 

42. Rodriguez, E. Improved medium for isolation of Azospirillum spp. Appl. Environ. 

Microbiol. 1982, 44, 990–999. 

43. Kappel, F.; Lane, W.D. Recent sweet cherry introductions from the breeding 

program at Summerland, British Columbia, Canada. In Proceedings of the III 

International Cherry Symposium, British Columbia, Canada, July 1997; Acta 

Hortic. 1998, 468, 105–110. https://doi.org/10.17660/ActaHortic.1998.468.10  

https://doi.org/10.1093/treephys/tpp003
https://doi.org/10.1093/treephys/4.4.315
https://doi.org/10.1016/j.agwat.2015.12.018
https://doi.org/10.1007/0-306-48137-5_17
https://doi.org/10.1007/978-1-4612-3498-2_2
https://doi.org/10.17660/ActaHortic.1998.468.10


53 
 

44. Blanco, V.; Domingo, R.; Pérez-Pastor, A.; Blaya-Ros, P.J.; Torres-Sánchez, R. 

Soil and plant water indicators for deficit irrigation management of field-grown 

sweet cherry trees. Agric. Water Manag. 2018, 208, 83–94. 

https://doi.org/10.1016/j.agwat.2018.06.020  

45. Bhusal, N.; Park, I.H.; Jeong, S.; Choi, B.H.; Han, S.G.; Yoon, T.M. Photosynthetic 

traits and plant hydraulic dynamics in ‘Gamhong’ apple cultivar under drought, 

waterlogging, and stress recovery periods. Sci. Hortic. 2023, 321, 112276. 

https://doi.org/10.1016/j.scienta.2023.112276  

46. Parent, C.; Capelli, N.; Berger, A.; Crèvecoeur, M.; Dat, J.F. An overview of plant 

responses to soil waterlogging. Plant Stress 2008, 2(1), 20–27. 

47. Liu, R.Q.; Xu, X.J.; Wang, S.; Shan, C.J. Lanthanum improves salt tolerance of 

maize seedlings. Photosynthetica 2016, 54(1), 148–151. 

https://doi.org/10.1007/s11099-015-0177-3  

48. Greer, D.H.; Weston, C. Seasonal patterns of shoot growth in sweet cherry 

(Prunus avium L.) trees. Sci. Hortic. 2018, 234, 270–277. 

https://doi.org/10.1016/j.scienta.2018.02.034 

49. Küçükyumuk, C. Responses of sweet cherry trees to regulated deficit irrigation 

applied before and after harvesting. J. Agric. Sci. 2024, 162(2), 91–104 

50. Blanco, V.; Blaya-Ros, P.J.; Torres-Sánchez, R.; Domingo, R. Influence of 

regulated deficit irrigation and environmental conditions on reproductive response 

of sweet cherry trees. Plants 2020, 9(1), 94. https://doi.org/10.3390/plants9010094  

51. Lang, G.A. Critical concepts for sweet cherry training systems. Compact Fruit Tree 

2001, 34(3), 70–75. 

52. Ayala, M.; Lang, G.A. ¹³C photoassimilate partitioning in sweet cherry (Prunus 

avium) during early spring. Cienc. Investig. Agrar. 2015, 42(2), 191–203. 

https://doi.org/10.4067/S0718-16202015000200007  

53. Koumanov, K.S.; Staneva, I.N.; Kornov, G.D.; Germanova, D.R. Intensive sweet 

cherry production on dwarfing rootstocks revisited. Sci. Hortic. 2018, 229, 193–

200. https://doi.org/10.1016/j.scienta.2017.11.017  

https://doi.org/10.1016/j.agwat.2018.06.020
https://doi.org/10.1016/j.scienta.2023.112276
https://doi.org/10.1007/s11099-015-0177-3
https://doi.org/10.1016/j.scienta.2018.02.034
https://doi.org/10.3390/plants9010094
https://doi.org/10.4067/S0718-16202015000200007
https://doi.org/10.1016/j.scienta.2017.11.017


54 
 

54. Measham, P.F.; Bound, A.; Gracie, J.; Wilson, S.J. Incidence and type of cracking 

in sweet cherry (Prunus avium L.) are affected by genotype and season. Crop 

Pasture Sci. 2009, 60, 1002–1008. https://doi.org/10.1071/CP09058  

55. Meisner, A.; Jacquiod, S.; Snoek, B.L.; Ten Hooven, F.C.; Van der Putten, W.H. 

Drought legacy effects on the composition of soil fungal and prokaryote 

communities. Front. Microbiol. 2018, 9, 3235. 

https://doi.org/10.3389/fmicb.2018.03235  

56. Meisner, A.; Bååth, E.; Rousk, J. Microbial growth responses upon rewetting soil 

dried for four days or one year. Soil Biol. Biochem. 2013, 66, 188–192. 

https://doi.org/10.1016/j.soilbio.2013.07.014  

57. Canarini, A.; Schmidt, H.; Fuchslueger, L.; Martin, V.; Herbold, C.W.; Zezula, D.; 

Richter, A. Ecological memory of recurrent drought modifies soil processes via 

changes in soil microbial community. Nat. Commun. 2021, 12, 5308. 

https://doi.org/10.1038/s41467-021-25506-7  

58. Zhao, M.; Zhao, J.; Yuan, J.; Hale, L.; Wen, T.; Huang, Q.; Shen, Q. Root 

exudates drive soil–microbe–nutrient feedbacks in response to plant growth. Plant 

Cell Environ. 2021, 44(2), 613–628. https://doi.org/10.1111/pce.13950  

59. Chen, H.H.; Chen, X.F.; Zheng, Z.C.; Huang, W.L.; Guo, J.; Yang, L.T.; Chen, L.S. 

Characterization of copper-induced release of exudates by Citrus sinensis roots 

and their possible roles in copper tolerance. Chemosphere 2022, 308, 136348. 

https://doi.org/10.1016/j.chemosphere.2022.136348  

60. Khan, N.; Bano, A. Exopolysaccharide-producing rhizobacteria and their impact on 

growth and drought tolerance of wheat grown under rainfed conditions. PLoS ONE 

2019, 14(9), e0222302. https://doi.org/10.1371/journal.pone.0222302  

61. Pedraza, L.A.; López, C.E.; Uribe-Vélez, D. Mecanismos de acción de Bacillus 

spp. (Bacillaceae) contra microorganismos fitopatógenos durante su interacción 

con plantas. Acta Biol. Colomb. 2020, 25(1), 112–125. 

https://doi.org/10.15446/abc.v25n1.78110  

62. Goswami, D.; Dhandhukia, P.; Patel, P.; Thakker, J.N. Screening of PGPR from 

saline desert of Kutch: Growth promotion in Arachis hypogea by Bacillus 

https://doi.org/10.1071/CP09058
https://doi.org/10.3389/fmicb.2018.03235
https://doi.org/10.1016/j.soilbio.2013.07.014
https://doi.org/10.1038/s41467-021-25506-7
https://doi.org/10.1111/pce.13950
https://doi.org/10.1016/j.chemosphere.2022.136348
https://doi.org/10.1371/journal.pone.0222302
https://doi.org/10.15446/abc.v25n1.78110


55 
 

licheniformis A2. Microbiol. Res. 2014, 169(1), 66–75. 

https://doi.org/10.1016/j.micres.2013.07.004  

63. Instituto de Investigaciones Agropecuarias INIA. Formación y Sistemas de 

Conducción del Cerezo Dulce. Boletín INIA N°247. Available online: 

https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/81a43de6-20ea-491e-

86a0-01bb2574ab1c/content (accessed on 10 May 2025). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.micres.2013.07.004
https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/81a43de6-20ea-491e-86a0-01bb2574ab1c/content
https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/81a43de6-20ea-491e-86a0-01bb2574ab1c/content


56 
 

Supplementary material  

Table 1. Monthly mean temperature (ºC), relative humidity (%), Vapor Pressure deficit 

(VPD) (kPa), and monthly precipitation (mm) Placilla, O’Higgins Region, Chile during 

the 2021-2022, 2022-2023, and 2023-2024 seasons.  

Month 

Season  

Temperature 
(ºC) 

Relative humidity 
(%) 

VPD (kPa) Monthly 
precipitation (mm) 

Season 2022     

September 10.8 75.5 1.2 39.6 

October 13.4 68.0 1.7 5.1 

November 16.5 63.5 2.2 0.4 

December 18.9 61.6 2.6 2.1 

January 19.8 59.2 2.9 0.0 

February 19.0 61.1 3.0 0.0 

March 15.8 65.3 2.4 0.1 

April 11.8 75.6 1.3 52.5 

May 8.4 90.5 0.5 33.6 

Season 2023     

September 10.1 78.5 1.0 19.7 

October 13.5 68.5 1.6 0.3 

November 17.5 64.9 2.1 4.1 

December 19.8 56.5 3.0 0.6 

January 20.3 57.5 3.1 0.0 

February 20.2 57.3 3.6 0.0 

March 18.3 62.3 3.1 0.0 

April 13.7 72.8 1.7 44.4 

May 9.8 85.4 0.8 27.6 

Season 2024     

September 10.8 80.3 0.8 109.8 

October 12.9 70.9 1.3 29.7 

November 14.7 71.5 1.5 52.9 

December 18.1 62.0 2.4 0.0 

January 20.5 63.3 3.0 0.0 

February 20.5 64.9 2.9 7.6 

March 17.6 65.4 2.6 0.0 

April 12.9 75.6 1.4 43.9 

May 7.7 83.7 0.7 86.8 

* The vapor pressure deficit (VPD) was estimated using the monthly mean of daily maximum 

temperature and the monthly mean of daily minimum relative humidity, simulating the 

conditions of highest atmospheric demand for each month. 


