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Program– XVII Hispano-Portuguese International Symposium on 

Water Relations  

Pamplona, February 25–27th, 2026 

Wednesday, 25th February 

• 08:15 – 09:30 Registration and documentation handout.  

• 09:30 – 10:00 Opening session. Luis J. Fernández (Director UNED Tudela), Iker 

Aranjuelo (CSIC-IdAB) & Ismael Aranda (INIA-CSIC) 

• 10:00 – 11:00 Inaugural lecture. Ian Dodd (University of Lancaster, UK): "Root-to-shoot 

signalling: Rest in Peace”   

• 11:00 – 12:00 Coffee break 

• 12:00 – 13:30 Session 1: Physiological and molecular mechanisms of water relations. 

Moderators: Drs. Ricardo Aroca (Zaidín-CSIC) and Celia Rodríguez Domínguez (IRNAS-CSIC). 

Alternate: Rosana López (ISIFOR).  

▪ Jeroni Galmés (Universitat de les Illes Balears, España): "Water as an evolutionary driver 

of photosynthesis: co-adaptation of internal CO₂ diffusion and Rubisco function during 

terrestrialization and aquatic recolonization of plants" 

▪ Antonio Díaz-Espejo (IRNAS-CSIC, España): "The strange case of the wrong stomata 

and the caterpillars" 

▪ Paulo Eduardo Ribeiro Marchiori (Universidade Federal de Lavras, Brasil): "Crosstalk 

between nitrogen remobilisation and carbon metabolism in sugarcane facing drought 

stress and rehydration" 

▪ José Javier Peguero-Pina (CITA-Aragón, España): "Age-dependent changes in cell-level 

anatomy and leaf hydraulic conductance triggers the decline in photosynthetic capacity in 

older leaves of the evergreen Mediterranean oak Quercus ilex subsp. rotundifolia" 

▪ María Varona (Universidad Pública de Navarra, España): "Efecto de poliaminas y oximas 

en la respuesta a estrés hídrico" 

▪ Nerea Urcola (CITA-Aragón, España): Gas exchange and Minimum Conductance Reveal 

Leaf Growth Plasticity Under Contrasting Vapor Pressure Deficit in Quercus ilex.  

• 13:30 – 15:30 Lunch  

 

• 15:30 – 16:30 Session 2: Water relations in natural systems: from grasslands to 

forests. Moderators: Luna Morcillo (CEAM-Alicante) and Teresa Gimeno (CREAF). 

▪ Juan Pedro Ferrio (EEAD-CSIC, España): "Differential response of stem CO2 efflux to 

soil and stem temperature in two Mediterranean oaks with contrasting water use 

strategy" 

▪ M. Rocío Martín-Peláez (Universidad de Sevilla, España): "Integrating drought 

history into plant water relations: eco-physiological acclimation in a xerohalophyte" 



 

▪ Rosana López (INIA-CSIC, España): "Can mother tree age modulate the functional 

strategy in response to severe water stress in seedlings of Pinus uncinata?" 

▪ Vera Prazeres (Universidade de Lisboa, Portugal): "Intraspecific variability in Quercus 

suber L. resistance to embolism in relation to turgor loss in leaves" 

• 16:30 – 17:30 Poster session  

• 17:30 – 18:00 Coffee break  

• 18:00 – 19:00 Session 3: Water relations in agriculturally relevant species. 

Moderators: Drs. Josefina Bota (UiB) and Paula Paredes (Instituto Superior de 

Agronomia- Lisbon). Alternate: Angie L. Gámez (IdAB-CSIC). 

▪ Francisco Javier Cano (INIA-CSIC, España): "From Leaf to Canopy: Optimizing iWUE 

and resource acquisition in C₄ crops under climate change" 

▪ MªCarmen Ruiz Sánchez (CEBAS-CSIC, España): "Rootstock influences persimmon 

water status indicators: ground-based and remote sensing approaches" 

▪ María Tasa (IVIA-Generalitat Valenciana, España): "Effects of high boron in irrigation 

water on plant water relations and gas exchange in Citrus macrophylla" 

▪ Nazareth Torres (Universidad Pública de Navarra, España): "An assessment of the 

influence of graft vascular alignment on grapevine physiological performance and 

growths" 

Thursday, 26th February  

• 09:00 – 10:00 Guest lecture: Cristina Máguas (University of Lisbon, Portugal): 

Understanding plant responses to water availability across ecosystems - why do we require 

multiple approaches and collaborative efforts? 

• 10:00 – 11:30 Session 4: New methodologies and technologies for monitoring plant 

water relations. Moderators: Drs. José Javier Pigero (Aula Dei) and Raquel Lobo do Vale 

(Universidad de Ébora). Alternate: María Ancín (IdAB-CSIC).  

▪ Lola Fariñas (Universidad de Deusto, España): "Non-contact ultrasonic sensing of leaf 

water relations in field-grown avocado" 

▪ Irene Galindo Lao (Universidad de Sevilla, España): "Continuous stem microtensiometry 

assessment for irrigation decision-support in mature orange orchards under regulated 

deficit irrigation" 

▪ Angie L. Gámez (CSIC, España): "In situ estimation of 𝜹13C, 𝜹15N in alfalfa using canopy 

reflectance under contrasting water regimes" 

▪ Virginia Hernández-Santana (IRNAS-CSIC, España): "Towards a mechanistic calibration 

of ̈ optical dendrometers” for the construction of pressure volume curves and the prediction 

of leaf water potential" 

▪ Andreu Mairata (Universitat de les Illes Balears, España): "Modelling of dynamics of 

stomatal conductance and hydraulics traits derived from optical dendrometry in woody 

crops" 

▪ Beng P. Umali (ICT International, Australia): "In-situ Water Potential Measurement using 

Stem Psychrometer" 

• 11:30 – 12:15 Coffee break  



 

• 12:15 – 13:30 Session 5: Integrated water management in agricultural and forest 

systems. Moderator: Iker Aranjuelo (IdAB-CSIC) and Ismael Aranda (INIA-CSIC).  

▪ Yolanda Gogorcena (EEAD-CSIC, España): "Climate Change Effects on Prunus spp.: 

Physiological-Metabolic Crosstalk with Signaling Molecules" 

▪ Alícia Pou (ICVV-CSIC, España): "Heat Waves Collapse Rootstock-Mediated Drought 

Tolerance in Grapevine" 

▪ Jaime Sebastián-Azcona (IRNAS-CSIC, España): "Tree ring evidence of interactive effects 

of climate variability and groundwater depth on Pinus pinea growth in Doñana National 

Park" 

▪ Olfa Zarrouk (Instituto Politécnico de Santarém, Portugal): "Drought-induced 

transgenerational memory primes grapevine progenies for enhanced tolerance to water 

stress and recovery" 

• 13:30 – 15:00 Lunch  

• 15:00 – 16:00 Poster session  

• 16:00 – 16:30 Coffee break  

• 16:30 – 17:15 Awards and recognition for a long research career on plant water 

relations: Robert Save, Manuela Chaves and Hipólito Medrano.  

• 17:15– 18:15 Official reception and presentation of the VI National Research Award of 

the Best PhD on Water Relations and the Best Project for a Young Researcher on 

Water Relations. 

• 18:15– 18:45 Meeting of the Water Relations Group  

• 20:00 – 20:45 Guided tour of the historic center of Pamplona 

• 21:00 – 23:00 Social dinner at Restaurante La Capilla.  

Friday, 27th February  

• 09:00 – 10:00 Lecture by José M. Torres-Ruíz (IRNAS-CSIC, Spain): How plant water 

traits help us to elucidate when, why, and which trees succumb to drought 

• 10:00 – 11:00 Session 6: Water relations in the context of global change. Moderators: 

Clara Pinto (INIAV) and Francisco J. Cano (ISIFOR).  

▪ María José Gómez-Bellot (CEBAS-CSIC, España): "Effects of irrigation with reclaimed 

water and brine on water relations, photosynthetic efficiency, nutrient uptake and 

ornamental indicators of two salinity-resistant plants" 

▪ Iván Jáuregui (Universidad Pública de Navarra, España): "Permanent crop cover as a 

strategy for drought-resistant viticulture: insights on how rhizosphere metagenomics 

influences leaf-level -omics for an enhanced overall plant response" 

▪ María Muñoz Santesteban (IRNAS-CSIC, España): "Saving water without sacrificing 

yield: a stomatal conductance-based irrigation strategy for Olive trees" 

▪ Clara Maria de Assunção Pinto (Instituto Nacional de Investigação Agrária e 

Veterinária, I.P, Portugal): ¨Competition for water drives hydraulic adjustment in 

Mediterranean cork oak–stone pine woodlands¨. 

▪ Eduardo Vargas-Fernández (CEBAS-CSIC, España): "Irrigation efficiency and prevention 

of deep percolation in grapefruit through soil sensor monitoring and agronomic evaluation 

in the Mar Menor watershed basin" 



 

• 11:00 – 12:00 Poster session 

• 12:00 – 12:30 Coffee break  

• 13:00 – Farewell 
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Water as an evolutionary driver of photosynthesis: co-adaptation of 

internal CO₂ diffusion and Rubisco function during terrestrialization and 
aquatic recolonization of plants 
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Introduction and objectives 

Water has been a fundamental driver of plant evolution, not only by constraining growth 
and survival, but also by shaping the mechanisms through which plants acquire carbon. 
The evolution of photosynthesis, therefore, cannot be fully understood without 
considering water as a selective force acting on leaf structure, gas diffusion pathways, 
and enzymatic function. Changes in water availability and in the physical properties of 
the surrounding medium have repeatedly imposed limitations on CO₂ diffusion, forcing 
photosynthetic organisms to adjust both anatomical traits and biochemical processes to 
sustain carbon gain. 

Two major evolutionary transitions exemplify the intimate link between water relations 
and photosynthesis. The first is the colonization of land by photosynthetic organisms, 
which exposed early embryophytes to intermittent water availability, desiccation risk, 
and a gaseous environment where CO₂ diffusion was faster but more variable than in 
water. The second is the recolonization of aquatic environments by terrestrial 
angiosperms, particularly marine angiosperms, which re-entered a medium where water 
is abundant but CO₂ diffusion is severely constrained. These transitions provide a unique 
evolutionary framework to examine how photosynthesis responds to contrasting hydric 
and gas diffusive environments. 

In this context, two components emerge as central determinants of photosynthetic 
performance. The first is the internal diffusion of CO₂ within leaves, commonly described 
by mesophyll conductance (gm), which links leaf anatomy, water-related structural traits, 
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and CO₂ availability at the sites of carboxylation. The second is Rubisco, the enzyme 
responsible for CO₂ fixation, whose catalytic properties determine the efficiency and cost 
of carbon assimilation under given internal CO₂ and O₂ concentrations. Both gm and 
Rubisco function are known to vary widely across photosynthetic lineages, yet their 
coordinated evolution across major hydric transitions remains insufficiently explored. 

The objectives of this work are therefore: 

1. To assess how internal CO₂ diffusion capacity and Rubisco properties have co- 
evolved during the terrestrialization of photosynthesis, spanning the major 
phylogenetic groups of land plants. 

2. To disentangle the relative contributions of quantitative changes (Rubisco 
abundance) versus qualitative changes (Rubisco catalytic traits) to the 
evolutionary increase in photosynthetic capacity under terrestrial conditions. 

3. To evaluate whether these terrestrial adaptations were reversed or reconfigured 
during the recolonization of aquatic environments by angiosperms. 

4. To frame these evolutionary trajectories within a plant water-relations 
perspective, highlighting how water availability and diffusion constraints act as 
indirect but powerful drivers of photosynthetic evolution. 

 

 
Terrestrialization of photosynthesis: water constraints, internal CO₂ diffusion, and 
Rubisco investment 

The colonization of land by embryophytes during the Paleozoic represented a profound 
shift in the physical and physiological environment of photosynthesis. On land, CO₂ 
diffusion from the atmosphere is rapid, but its delivery to chloroplasts depends on a 
complex internal pathway shaped by leaf anatomy, hydration status, and tissue 
organization. At the same time, water availability became spatially and temporally 
heterogeneous, imposing selective pressure on leaf structure and hydraulic function. 

Comparative analyses across bryophytes, lycophytes, ferns, and angiosperms reveal a 
progressive increase in mesophyll conductance to CO₂ (gm) during land plant evolution. 
This increase is tightly associated with anatomical changes such as thinner mesophyll 
cell walls and a greater chloroplast surface area exposed to intercellular airspaces. These 
traits not only facilitate CO₂ diffusion but also reflect structural adjustments constrained 
by water transport, mechanical support, and cellular hydration. 

Parallel to the increase in gm, terrestrial plants exhibit a marked evolutionary increase in 
Rubisco concentration per unit leaf mass or area. Phylogenetic analyses indicate that 
Rubisco abundance, nitrogen investment in Rubisco, and total soluble protein content 
are  conserved  traits  within  lineages,  suggesting  that  the  evolution  of  higher 



 

photosynthetic capacity relied primarily on quantitative increases in carboxylation 
potential. Importantly, Rubisco concentration correlates strongly with gm and with 
anatomical traits governing diffusion, indicating a coordinated optimization between 
substrate supply and enzymatic demand. 

Although Rubisco catalytic parameters also show evolutionary trends—such as higher 
specificity for CO₂ and increased affinity for substrates in diffusion-limited systems— 
their contribution to increased photosynthetic capacity is secondary compared with 
Rubisco abundance. These results support the view that terrestrialization favored 
anatomical and diffusive innovations that allowed greater Rubisco investment to be 
effectively exploited, rather than a radical redesign of Rubisco catalysis itself. 

 

 
Recolonization of aquatic environments: diffusion limitation, CCMs, and Rubisco 
reconfiguration 

The return of angiosperms to aquatic environments, particularly marine systems, 
imposed a radically different set of constraints. While water availability is no longer 
limiting, CO₂ diffusion in water is orders of magnitude slower than in air, and inorganic 
carbon is predominantly present as bicarbonate. Marine angiosperms therefore face 
extreme limitations on CO₂ acquisition, despite inhabiting water-rich environments. 

Anatomically, these species display traits that sharply contrast with terrestrial 
angiosperms: absence of stomata, lack of internal airspaces connected to the 
atmosphere, extremely thick cell walls, and reduced chloroplast numbers positioned 
near the leaf surface. These features result in extraordinarily low mesophyll conductance 
to CO₂. However, in aquatic angiosperms, low gm serves a different function than in 
terrestrial plants: it limits CO₂ leakage from tissues, thereby enhancing the efficiency of 
carbon-concentrating mechanisms (CCMs). 

Our analyses reveal that marine angiosperms possess highly effective CCMs, as 
demonstrated by large discrepancies between in vitro Rubisco Kc values and in vivo 
apparent Km for CO₂. Concomitant with the evolution of CCMs, Rubisco in these species 
exhibits lower catalytic efficiency and reduced affinity for CO₂ and O₂. Modeling of 
Rubisco performance under elevated internal O₂ concentrations—likely resulting from 
restricted O₂ diffusion—shows that these catalytic shifts reduce the inhibitory effects of 
high O₂ on photosynthesis, illustrating a clear case of adaptive enzyme evolution driven 
by internal gas composition. 

 

 
Integrating terrestrialization and aquatic recolonization: a water-relations perspective 

When considered together, terrestrialization and aquatic recolonization reveal a 
coherent evolutionary narrative in which water governs photosynthesis indirectly 



 

through its effects on diffusion pathways, tissue structure, and internal gas dynamics. 
During terrestrialization, increasing control over water loss and internal CO₂ diffusion 
enabled higher Rubisco investment and greater photosynthetic capacity. During aquatic 
recolonization, the physical properties of water imposed severe diffusion constraints 
that selected for CCMs, reduced internal conductance, and a reconfiguration of Rubisco 
catalytic traits. 

These findings underscore the central role of the tandem mesophyll conductance – 
Rubisco as a nexus between water relations and carbon assimilation, and highlight the 
necessity of integrating anatomical, physiological, and biochemical perspectives to 
understand photosynthetic evolution. 

 

 
Keywords: (about 6 words): Plant water relations, Mesophyll conductance, Rubisco 
evolution, CO₂ diffusion, Terrestrialization of photosynthesis, Aquatic angiosperms. 
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The strange case of the wrong stomata and the caterpillars 
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Abstract: 

Plants have evolved a wide array of mechanisms to interact with—and respond to— 
environmental change. Many of these mechanisms, associated with abiotic drivers such 
as radiation, temperature, vapor pressure deficit, and soil water deficit, have been 
studied in depth, providing a solid understanding of their functioning across 
organizational levels. Likewise, biotic factors—including pathogens, herbivores, plant– 
plant interactions, and plant–microbiome relationships—have been extensively 
characterized. Yet several processes central to integrated whole-plant coordination, and 
potentially to plant–plant communication, are receiving renewed attention. Among 
these, volatile compounds and, especially, electrical signals are increasingly recognized 
as rapid modulators of wound and herbivory responses, stress acclimation, systemic 
coordination, and hormonal regulation. Classical examples include rapid leaf movements 
in carnivorous plants and systemic defense activation during herbivory, while recent 
work points to complex gas-exchange responses to wounding in which electrical, 
hydraulic, and chemical cues coexist and propagate beyond the injured tissue. 

In this talk, I will briefly discuss a stomatal behavior that has gone largely unnoticed by 
other researchers when interpreting their results. The stomatal response to wounding 
reveals subtle patterns that appear to be species-specific in certain plant families. 
Evolutionary pressures may have shaped these responses, and the resulting traits can 
now help us better understand fundamental physiological mechanisms related to plant 
water status and the regulation of leaf gas exchange. 

Keywords: Signal transduction, hydraulic integration, stress physiology, phylogenetic 
constraints 
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Crosstalk between nitrogen remobilisation and carbon metabolism in 

sugarcane facing drought stress and rehydration 
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Nitrogen (N) is a essential nutrient driving biomass production in C4 crops like sugarcane 
(Saccharum spp.), playing a critical role in the biosynthesis of chlorophyll and 
photosynthetic enzymes (Rubisco and PEPC). However, drought stress disrupts the 
synergy between Carbon (C) and N metabolism. Simplifing, water deficit restricts root N 
uptake due to reduced transpiration and impairs carbon fixation via stomatal closure. To 
survive these limitations, plants rely on the remobilization of internal N reserves from 
senescing tissues to sink organs. In sugarcane, the physiological response to drought is 
often non-uniform across the leaf blade due to the distinct developmental ages of tissue 
from the base (younger, expanding) to the tip (older, mature). While previous research 
has focused on drought onset, the dynamics of N redistribution during the rehydration 
phase remain less understood. Furthermore, the metabolic coupling between N 
remobilization and the enzymatic machinery—specifically Glutamine Synthetase (GS), 
Glutamate Synthase (GOGAT), and Nitrate/Nitrite Reductases (NR/NiR)—requires 
elucidation under fluctuating water regimes. This study investigates the crosstalk 
between remobilization and C metabolism in sugarcane. We tested the hypothesis that 
drought induces a "storage strategy," moving N to roots and sheath leaves via GS- 
mediated recycling, which is then remobilized to photosynthetic tissues upon 
rehydration to support the recovery of gas exchange at specific leaf segments (Base vs. 
Tip).Sugarcane plants (cv. CTC9001bt) were grown in a greenhouse. At 25 days after 
transplanting (DAT), the +1 leaf was pulse-labeled with 15N-enriched ammonium sulfate 
(10% atoms excess). Plants were divided into two treatments: Well-Watered (WW), 
maintened at ~90% WHC, and Water-Deficit (WD), which was exposes to sequential 
water withholding during 11 days, reaching ~20% WHC. Stress was imposed from 27 DAT 
until Maximum Stress (MS) at 38 DAT, followed by rehydration (R) until 45 DAT. The gas 
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exchange was measured in three sections of the leaf +1, at the Base, Middle, and Tip of 
the leaf blade. We partitioned the biomass (roots, stems, sheaths, leaves) to determine 
the metabolic intermediates (ammonium, nitrate, proline, sugars), and the activity of key 
N-metabolism enzymes: Nitrate Reductase (NR), Glutamine Synthetase (GS), and GOGAT 
in these tissues. Drought imposed severe limitations on leaf physiology, but the impact 
was spatially heterogeneous. Until reach the maximum tress (MS) the stomatal 
conductance (gs) reduced significantly in WD plants, however in different rates among 
the parts of the leaf blade. The restriction was most severe at the leaf base and tip 
compared to the middle, which took 13 days to reach the minimum value, whereas the 
tip took only 7 days. As a consequence of the stomatal closure the photosynthesis and 
transpiration declined in a similar manner. The chlorophyll content reduced through the 
water deficit. In contrast to WW plants, which maintained relatively stable chlorophyll 
levels throughout the period, the chlorophyll degradation occurred during the water 
withholding. It is important to notice, the degradation was spatially heterogeneous, 
being significantly more pronounced in the leaf tip compared to the middle and base of 
the leaf blade. However, during rehydration, a recovery trajectory in pigment levels was 
observed in the WD plants. The leaf base demonstrated the highest recovery capacity, 
with chlorophyll a and b levels nearly returning to the levels observed in the control 
(WW) plants, whereas the leaf tip showed an incomplete recovery, suggesting that 
prolonged water stress caused more persistent damage or accelerated senescence in the 
older tissues of the leaf tip. This suggests that younger tissues at the base possess higher 
metabolic plasticity and repair capacity. The isotopic tracing revealed a strategic shift in 
N allocation driven by water status. Under WD conditions (MS), the plant prioritized N 
storage over vegetative growth. There was a marked remobilization of towards roots 
and sheath leaves, acting as temporary reservoirs. Concurrently, total N content 
decreased in leaf blades and increased in roots/sheaths. It seems they were acting as N 
storage organs, improving Nitrogen Use Efficiency (NUE) in them. Following rehydration, 
the dynamic reversed and total N were remobilized from the roots/sheaths back to the 
aerial photosynthetic tissues (marked and top leaves). This N return was crucial for 
synthesizing new chlorophyll and repairing the photosynthetic apparatus, correlating 
directly with the chlorophyll recovery of at the leaf base, which was faster than middle 
and tip of the blade. The movement of N was tightly coupled with the activity of N- 
assimilating enzymes, responding to the accumulation of ammonium and the reduction 
of nitrate. NR activity is highly energy-dependent, requiring reducing equivalents 
(NADH/NADPH) derived from respiration/photosynthesis. Consequently, NR activity 
declined sharply in WD roots and leaves during MS, following the photosynthetic 
limitation. This downregulation seems to prevents the accumulation of toxic ammonium 
when C-skeletons are scarce. Post-rehydration, NR activity recovered in roots, signaling 
a resumption of primary N uptake. In contrast the GS activity increased in WD plants, 
particularly in top leaves at MS and in roots after rehydration. Ammonium levels were 
significantly elevated under drought stress. The upregulation of GS suggests an active 
detoxification  of  the  ammonium  produced  by  protein  degradation  and/or 



 

photorespiration (which can occur in C4 sugarcane under stressful condition), recycling 
it into amino acids (glutamine) for transport to storage organs. GOGAT levels remained 
relatively stable, indicating that GS was the rate-limiting step for ammonium 
reassimilation under stress. The coordination between C and N is further evidenced by 
osmotic adjustment. WD plants accumulated significant amounts of proline (especially 
in roots/stems), soluble sugars, and amino acids during MS. This accumulation serves 
two functions: protecting cellular turgor and acting as C and N reserves. Upon 
rehydration, the concentration of these compatible solutes declined, suggesting their 
metabolic consumption to rebuilt photosynthetic machinery. The Carbon Isotope 
Discrimination (D13C) decreased under stress, which is related to better Water Use 
Efficiency, but increased after rehydration, confirming the reopening of stomata. This 
study demonstrates that sugarcane drought tolerance relies on a tightly coordinated 
crosstalk between Nitrogen and Carbon metabolism. 

 
 

Keywords: Nitrogen remobilisation, ¹⁵N isotopic labelling, drought stress, rehydration, 
nitrogen-use efficiency, sugarcane, Saccharum spp., carbon metabolism. 
Finantial support: Fundação de Amparo à Pesquisa do Estado de Minas Gerais 
(Grant#APQ-04229-23); Grants PID2022-139455NB-C31 funded by MCIN/AEI/ 
10.13039/501100011033 
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Abstract: 

Leaves of Mediterranean evergreen tree species experience a reduction in the activity 
of the photosynthetic apparatus during aging and senescence associated with age- 
dependent changes in stomatal conductance (gs), mesophyll conductance to CO2 (gm) 
and net CO2 assimilation (AN). This process would be influenced by changes in leaf 
anatomical traits at cell level and cytoplasmic nitrogen that finally led to the dismantling 
of the photosynthetic apparatus. However, this is a matter that is far from being 
elucidated in old non-senescent leaves of evergreen trees with long leaf lifespan. 
Moreover, it remains unclear the time course and the ultimate mechanistic factor that 
triggers this phenomenon. This study evaluated age-dependent changes in anatomical, 
biochemical, hydraulic and photosynthetic traits during three consecutive vegetative 
periods in current, 1-year and 2-year-old leaves of holm oak (Quercus ilex subsp. 
rotundifolia Lam.), an evergreen oak with high leaf longevity. We found that the 
maximum activity of the photosynthetic apparatus of current-year leaves occurred 
during early summer, together with the coordinated maturation of anatomical traits (i.e. 
mesophyll and chloroplast surface area exposed to intercellular air space, Sm/S and Sc/S) 
and the increased ability for CO2 diffusion trough stomata (gs) and mesophyll (gm). 
Thereafter, we evidenced that all photosynthetic traits declined with increasing leaf age, 
mainly due to decreases Sc/S, which was a key anatomical trait explaining variations in 
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gm and AN among different age classes. The reduction of Sc/S were related to 
ultrastructural changes in chloroplasts associated to leaf aging, with a concomitant 
reduction in cytoplasmic nitrogen. Furthermore, 2-years old leaves experienced an 
abrupt decrease in leaf hydraulic conductance (Kleaf), which indicated a coordination 
between AN and Kleaf that might be mediated by cell-level anatomical traits such as Sc/S. 
Our findings demonstrated for the first time that limitations of water transport through 
the leaves (i.e. Kleaf) acted as the triggering factor involved in the deterioration of the 
photosynthetic activity in older leaves of evergreen tree species with long leaf lifespan 
such as holm oak. However, contrary to expectations, abscisic acid (ABA) did not appear 
to play a main role as a signaling molecule in this process. This study contributes to a 
deeper understanding of the physiological and anatomical mechanisms underlying leaf 
development and aging in long-lived evergreen species, providing insights into the 
ecological strategies that govern canopy water consumption and CO2 assimilation. 

 

 
Keywords: abscisic acid, leaf aging, leaf anatomy, leaf hydraulic, mesophyll conductance, 
nitrogen, photosynthesis 
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Abstract: 

La producción agrícola mundial es una fuente vital de ingresos para aproximadamente 
el 40% de la población activa, especialmente en países en desarrollo. Ante la previsión 
del aumento poblacional para el año 2050, se estima que será necesario incrementar 
laproducción agrícola en un 60% para satisfacer la demanda global. Aunque el uso de 
fertilizantes nitrogenados ha permitido aumentar los rendimientos, su producción 
consume gran cantidad de energía y su uso incontrolado provoca graves problemas 
ambientales, como la acidificación, la eutrofización y la emisión de gases de efecto 
invernadero. Además, el cambio climático está intensificando fenómenos extremos 
como las inundaciones y, sobre todo, la sequía, la cual se considera el factor abiótico 
máslimitante y destructivo para la productividad de los cultivos a nivel mundial. 

El estrés hídrico reduce el potencial hídrico celular, provocando pérdida de turgencia, 
desnaturalización de proteínas y daño oxidativo por la acumulación de especies 
reactivasde oxígeno. Para mitigar estos efectos, las plantas activan una serie de 
mecanismos fisiológicos y estructurales, entre los que se incluyen la regulación 
hormonal, principalmente mediada por ácido abscísico y auxinas, así como la 
acumulación de osmolitos protectores. Estas respuestas se acompañan de 
modificaciones en la arquitectura del sistema radicular. 

Las leguminosas, como Medicago truncatula, resultan de gran interés debido a su 
capacidad de fijación biológica de nitrógeno y su relativa tolerancia a la sequía. Dado 
quelas raíces son el primer órgano en detectar el déficit hídrico, la modulación de su 
arquitectura resulta clave para la adaptación y supervivencia de la planta. En este 
contexto, la indol-3-acetaldoxima (IAOx), un precursor de las auxinas, ha demostrado 
recientemente un papel relevante en la inducción de raíces laterales, teniendo como 
resultado una mejoría frente a la deficiencia de hierro. 
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De forma paralela, las PAs, la putrescina (Put) entre ellas, se han consolidado como 
marcadores fisiológicos de estrés, participando activamente en la estabilización de 
membranas, regulación génica y la respuesta antioxidante. Numerosos estudios han 
demostrado que la aplicación exógena de Pas, tanto foliar como radicular, mejora la 
tolerancia de las plantas frente a distintos estreses abióticos. 

A pesar del elevado potencial del IAOx y de las Pas como herramientas para la mejora 
dela productividad vegetal en condiciones de estrés, los enfoques evaluados hasta la 
fecha requieren dosis y estrategias de aplicación que dificultan su escalado a 
condiciones de campo, subrayando la necesidad de desarrollar aproximaciones más 
eficientes y compatibles con sistemas agronómicos reales. 

El objetivo principal de este estudio fue evaluar el papel del priming con Put (500 μM) 
eIAOx (100 μM) en el alivio del estrés por sequía moderada (SM) en plantas de M. 
truncatula. Para alcanzar este fin, se definieron tres objetivos específicos, i) evaluar el 
impacto del priming aplicado en etapas tempranas sobre el desarrollo inicial de las 
plántulas, ii) analizar la respuesta al estrés hídrico moderado en función del 
tratamientode priming recibido, y iii) profundizar en el conocimiento del metabolismo 
de las PAs y su interconexión con el metabolismo de las oximas como mecanismo de 
defensa ante la sequía. El experimento consistió en una fase de priming de 6 días 
seguida de una fase decrecimiento en maceta de 11 días bajo condiciones de riego o 
SM tras los cuales se analizaron los efectos fenotipicos y metabólico-moleculares. 

La Put no produjo cambios significativos en la biomasa ni en la arquitectura de la raíz 
conrespecto al control tras el tratamiento de priming. Por el contrario, el tratamiento 
con IAOx redujo significativamente la biomasa total y la longitud radicular, mostrando 
raícesmás cortas, pero potencialmente más gruesas. 

En las plantas sometidas a sequía, se observó una reducción general de la biomasa 
aéreay de la evapotranspiración. El priming con Put no alteró significativamente la 
biomasa bajo sequía, pero las plantas mostraron una tendencia a una mayor longitud 
radicular por unidad de biomasa (LER). En el caso del IAOx, las plantas bajo estrés 
hídricomantuvieron niveles de biomasa inferiores a los controles de riego, aunque 
mostraron una elongación radicular superior a la de su respectivo control de riego 
(IAOx-R). La sequía aplicada fue muy moderada, ya que no se observó un descenso 
significativo del contenido hídrico en la parte aérea, aunque sí una ligera reducción en 
la raíz en el tratamiento con IAOx. No se detectaron cambios importantes en el 
contenido de clorofila (unidades SPAD) provocados por la sequía. El hallazgo más 
notable fue que el priming con IAOx provocó un aumento masivo de las 
concentraciones de PAs libres en los tejidos, efecto que se intensificó bajo sequía 
moderada. En cuanto a la expresión génica, tanto el priming con Put como con IAOx 
modularon la expresión de las enzimas Ornitina descarboxilasa, responsable de 
biosíntesis de PAs a partir de ornitina, y N- carbamoilputrescina amidohidrolasa, 
responsable de biosíntesis de PAs a partir de N- carbamoil putrescina. Esta regulación 



 

ocurrió de forma diferencial según el órgano, aunque solo la IAOx logró traducir esta 
sobreexpresión en una acumulación real de metabolitos en el tejido. 

Estos resultados sugieren que el priming con Put e IAOx actúa por vías diferentes. La 
Put,a pesar de ser reconocida en la literatura por mejorar la tolerancia al estrés 
hídrico, no mostró efectos fenotipicos inmediatos en nuestras condiciones de estudio, 
lo cual podríadeberse a la brevedad del tratamiento o a que la sequía aplicada fue 
demasiado leve para que los beneficios morfológicos fueran evidentes. No obstante, 
el incremento en laLER a largo plazo sugiere que podría haber un efecto latente en la 
optimización del sistema radicular. 

Por otro lado, la IAOx indujo cambios profundos. La reducción inicial de biomasa y 
longitud radicular es consistente con el fenotipo "SUPERROOT", relacionado con una 
desregulación de las auxinas y la señalización por NO. Lo más relevante es la 
interconexión metabólica observada, puesto que la IAOx no solo actuó sobre el 
desarrollo, sino que disparó la síntesis de PAs. Esta acumulación de PAs podría ser una 
respuesta a un estrés oxidativo inducido por la propia IAOx o por la inhibición de 
peroxidasas, lo que prepararía a la planta para enfrentar un déficit hídrico real. 

La interacción entre estos dos metabolismos parece estar mediada por el NO, ya que 
tanto la ruta de las PAs como la de las oximas pueden generar esta molécula 
señalizadora. En conclusión, aunque ambos tratamientos son candidatos para 
promoverla resistencia al estrés por sequía, la IAOx mostró una capacidad reguladora 
más potentesobre el metabolismo protector de las PAs, abriendo nuevas vías para 
mejorar lasostenibilidad de los cultivos frente al cambio climático. 

Keywords: (Putrescina, oximas, IAOx, òxido nitrico, Medicado truncatula, 
superroot,priming) 
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Abstract: 

Vapor pressure deficit (VPD) has emerged as a key parameter influencing plant 
transpiration and ecosystem productivity. Elevated VPD values can reduce vegetation 
growth, accelerate forest decline, decrease crop yields, increase wildfire risk, and alter 
water and carbon cycling within ecosystems. Despite these recent advances in 
understanding the impact of VPD on vegetation productivity, its effects on plant 
physiological processes remain poorly understood. Thus, the aim of this study is to assess 
the physiological plasticity of leaves when growing under contrasting VPD conditions. 
Specifically, we evaluated three key physiological parameters: net assimilation rate (AN), 
which reflects photosynthetic carbon uptake; stomatal conductance (gs), which regulates 
leaf gas exchange and water loss through stomata; and minimum conductance (gmin), 
which represents the residual water loss through the cuticle and incompletely closed 
stomata. These traits are critical for understanding plant water and carbon balance 
under varying atmospheric demand. To achieve this objective, we constructed two cubic 
growth chambers measuring 1 × 1 × 1 m. In the first chamber, air with outdoor 
Mediterranean summer conditions (VPD up to 8kPa) was introduced, whereas in the 
second chamber, humid air was supplied, reducing VPD to maximum values of 3 kPa. We 
selected 3-year-old plants of Quercus ilex, a paradigmatic oak species of the 
Mediterranean landscape. Plants were pruned, and fifteen individuals were placed in 
each chamber in mid-summer 2025. After leaf growth and maturation inside each 
chamber, leaf AN, gs and gmin were measured. Leaf stomatal density was also assessed 
in 5 plants from each chamber. Results showed that plants grown under low VPD 
exhibited significantly higher AN (17.7 ± 0.7 μmol m⁻² s⁻¹) compared to those under high 
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VPD (13.8 ± 1.0 μmol m⁻² s⁻¹; P < 0.01). Similarly, gs and gmin were markedly higher under 
low VPD (530 ± 20 and 5.9 ± 0.6 mmol m⁻² s⁻¹, respectively) than under high VPD (313 ± 
16 and 3.5 ± 0.2 mmol m⁻² s⁻¹; P < 0.0001). Stomatal density was also significantly higher 
(P < 0.05) in plants grown under low VPD, with values of 453 ± 28 and 595 ± 55 stomata 
mm⁻² for high and low VPD chambers, respectively. Our findings demonstrate that Q. ilex 
exhibits substantial physiological plasticity in response to contrasting VPD growth 
conditions. Higher photosynthetic rates and conductances under low VPD indicate 
enhanced carbon assimilation and water flux when atmospheric demand is reduced. 
Importantly, the increased stomatal density observed under low VPD likely contributes 
to these responses by providing a greater number of pores for gas exchange, thereby 
promoting higher gs and A. This anatomical adjustment may also explain the elevated 
gmin under low VPD, as more stomata—even when partially closed—can increase 
residual water loss. Conversely, under high VPD, the marked reduction in gs and gmin, 
together with lower stomatal density, suggests a coordinated strategy to limit water loss, 
which may help prevent excessive dehydration but at the cost of reduced 
photosynthesis. These results highlight the interplay between anatomical and 
physiological traits in mediating water conservation and carbon gain, and suggest that 
VPD-driven shifts in stomatal density and related parameters could play a critical role in 
the resilience of Mediterranean species under future climate scenarios. 

Keywords: Atmospheric drought, Climate Change Resilience, Drought Adaptation, Gas 
Exchange, Water Balance, Water Loss. 
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Abstract: 

Determining the origin of stem CO2 eflux and its contribution to the overall forest carbon 

balance is challenging. Not all the CO2 produced by respiration in woody tissues is 

emitted directly to the atmosphere, but dissolved and transported within the xylem. 

Furthermore, the CO2 respired within the soil can be transported upwards and 

contribute to the CO2 eflux measured at the tree stem. In order to disentangle this 

complex process, we have developed an automated system to quantify and trace the 

metabolic origin of stem CO2 eflux. This system is composed by dynamic steady-state 

stem chambers were the CO2 eflux and its isotopic fingerprint (13C and 18O) are 

measured in real time together with environmental variables (photosynthetic active 

radiation, vapor pressure deficit, and soil, stem, and air temperature). Complementarily, 

we performed independent incubation trials of stem and soil samples, as a reference for 

the response to temperature when stem and soils are isolated from the soil-plant 

system. In the present study, we compared two oak species with contrasting traits that 

are extensively distributed across the Iberian Peninsula, Quercus ilex subsp. rotundifolia 

and Quercus faginea. While the evergreen Quercus ilex has a water-saver strategy with 

greater stomatal conductance regulation, the deciduous Quercus faginea can reach high 

transpiration rates even under stress conditions. Given that the CO2 transport across and 

beyond the stem depends on xylem sap velocity and morphology of woody tissues, we 
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hypothesize that both the magnitude and isotope signal of stem CO2 eflux will differ 

between species as well as its relationship with ambient variables. Incubation trials 

showed no significant differences between species in the temperature response curve 

of CO2 eflux in isolated stems, resulting in a common temperature coefficient Q10 , 

consistent with the expected temperature response of gross respiration rates (Q10=2.28). 

Conversely, soil CO2 eflux showed a steeper response to temperature (Q10=3.44), and 

within the range reported in the literature for temperate soils. In the steady-state 

chamber experiment, stem temperature was generally a better predictor of stem CO2 

eflux than air or soil temperature. During night-time, the response to stem temperature 

was very similar to the curve derived from incubation experiments. Conversely, during 

day-time the response was less steep, suggesting that CO2 refixation, together with 

transpiration flow, tends to reduce net stem CO2 eflux. This interpretation was also 

supported by the less negative 13C values in emitted CO2 during day-time, consistent with 

carbon discrimination during CO2 refixation. Incipient soil drying (soil water potential 

<0.3 MPa) also caused a flattening of the response curve, but with an opposite offset in 

the two species: stem CO2 eflux increased for Q. ilex, but decreased for Q. faginea. On 

top of that, when soil was warmer than the stem we observed higher stem CO2 eflux 

than predicted from incubation experiments. This divergence increased proportionally 

to the ratio between soil and stem temperatures. In those particular cases, stem CO2 

eflux was better explained by the soil Q10 than using predicting models for stem 

respiration, suggesting a contribution of soil-derived CO2. This interpretation is further 

supported by a differential isotopic response, both in 13C and 18O, indicating a shift in CO2 

source. Overall, our results indicate that net stem CO2 eflux is highly sensitive to changes 

in transpiration rates and bark photosynthesis, which in turn are affected by both soil 

water content and light condition. The different behaviour of the two species could be 

partly explained by their distinct water use strategies. The difference between soil and 

stem temperature can be useful to define the periods when soil versus stem CO2 

production dominates the stem CO2 eflux. Our findings have strong implications for the 

interpretation and modelling of carbon fluxes along the soil-tree-atmosphere 

continuum. 

Keywords: Stem respiration, Soil respiration, Stable isotopes, Gas Exchange, Quercus 

ilex, Quercus faginea, Holm oak, Portuguese oak 
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Abstract: (about 2.000 words maximum) 

Plant performance under climate change will increasingly depend not only on stress 

tolerance per se, but on the capacity to integrate past environmental experiences into 

future physiological responses. Recurrent drought events, rather than isolated episodes, 

are becoming the prevailing scenario in many ecosystems, yet our understanding of how 

plants acclimate to repeated water deficits remains incomplete. In this context, stress 

memory emerges as a critical component of plant water relations, linking short-term 

signaling with longer-term functional adjustment. While these mechanisms have been 

explored mainly in model species and crops, they remain largely unresolved in plants 

naturally adapted to extreme and unpredictable environments. 

Xerohalophytes offer a particularly relevant, though underexplored, system to 

investigate these processes, as they are naturally exposed to strong fluctuations in water 

availability. In this study, we investigate how recurrent drought shapes water relations 

and photosynthetic performance in Atriplex halimus L., a perennial xerohalophyte 

adapted to arid and saline habitats. Fully developed plants were subjected to one or 

multiple drought–recovery cycles, allowing us to disentangle immediate drought 

responses from acclimatory adjustments associated with stress repetition, and to 

evaluate how plant water use and carbon assimilation are coordinated across successive 

drought events. 

Our observations indicate that recurrent drought leads to a progressive reorganization 

of plant water-use strategies. The first drought episode triggers a conservative response, 

dominated by tight control of gas exchange and rapid adjustment of plant water status, 

consistent with an early “alarm” phase aimed at minimizing water loss while preserving 
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photosynthetic integrity. As drought episodes recur, plants gradually transition toward a 

more stable physiological state, where photosynthetic functioning can be sustained 

under low soil water availability and coordination between carbon assimilation and 

water relations is enhanced. Rather than simply amplifying the initial response, repeated 

stress appears to promote functional acclimation at the whole-plant level. 

Water relations play a central role in this acclimation. Across successive drought cycles, 

plants maintain leaf water status despite severe soil dehydration, indicating effective 

internal regulation of water balance. This capacity appears early and seems reinforced 

with repetition, supporting the idea that drought memory in this species is closely linked 

to dynamic water regulation rather than to structural resistance alone. In parallel, 

photosynthetic processes show increasing resilience to repeated stress, suggesting 

acclimation of the photosynthetic apparatus to fluctuating water availability. 

Hormonal regulation underpins these eco-physiological adjustments, facilitating a shift 

from short-term stress avoidance toward longer-term tolerance and resource 

conservation. Antioxidant mechanisms likely contribute to maintaining cellular 

homeostasis, allowing plants to cope with repeated drought exposure without severe 

oxidative costs. Together, these coordinated responses illustrate how water relations, 

photosynthesis and signaling are integrated over time, enabling plants to adjust their 

physiology in response to drought history rather than isolated events. 

Overall, this study suggests that Atriplex halimus develops an active drought memory 

that reshapes plant water relations and photosynthetic behavior under recurrent water 

deficit. By emphasizing functional transitions and acclimation in a stress-adapted 

species, our findings provide an eco-physiological framework for understanding plant 

responses to increasing drought recurrence under global change, with potential 

implications for predicting vegetation dynamics in arid and semi-arid ecosystems. 
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Abstract: 
 

The conservation of old-growth forests is envisioned within EU policies as a mitigation strategy 

to ensure long-term carbon sequestration. Under the paradigm of multifunctionality and “close 

to nature” management, it is interesting to study the environmental processes that may 

condition the functioning and reproductive capacity of these forests. In this sense, National 

Parks are ideal settings for studying such functional processes, as the cessation of human activity 

following their declaration has allowed forests to evolve toward their natural dynamics. Given 

the projected negative influence of climate warming on alpine mountain old-growth forests, 

studying the effect of drought on seedling survival and functional characteristics —conditioned, 

in turn, by the maturity stage of their parent trees— is of significant scientific and management 

importance. 

 
This study examines whether the response to drought (in terms of survival, water potential and 

chlorophyll fluorescence) of Pinus uncinata seedlings is affected by the age of the mother tree, 

modulated by seed mass. Pinus uncinata is one of the main conifers found in the Aigüestortes i 

Estany de Sant Maurici National Park. It is shade-intolerant as an adult, although its natural 

regeneration thrives better under some protection, being especially sensitive to summer 

drought. We hypothesized that (i) survival and chlorophyll fluorescence are greatly influenced 

by drought rather than by the mother tree's age, while is mediated by seed size; (ii) inter- 

individual variability may be greater than the effect of the mother tree’s age. 
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A sample of 26 trees was selected in a transition zone at 1,900 m, within an area of less than one 

hectare, covering the widest possible range of tree diameters. For each tree, the diameter at 

breast height (DBH) at 1.30 m, total height (H), crown diameters in two perpendicular directions 

and their coordinates were measured. Trees were cored to determine their age using standard 

dendrochronological procedures. The selected tree sample covered an age range between 21 

and 219 years. In September 2022, between 5 and 45 cones were collected per selected tree. 

Cones were placed in an oven at 40°C to accelerate opening; subsequently, seeds were stored in 

a cold chamber at 3°C until use. In May 2023, 25 healthy seeds per tree were randomly selected 

from the extracted pool and germinated. Prior to the trial, each seed was individually weighed. 

Seeds were sterilized in a 1% bleach and distilled water solution for 30 minutes, followed by a 

distilled water rinse. Germination was carried out under controlled greenhouse conditions (18–

25°C). Seeds were sown in FP-300 containers filled with a peat and vermiculite mixture (80:20, 

v:v), supplemented with 32 g of NUTRICOTE per tray. The 25 seeds from each tree were arranged 

in five blocks of five seeds each. Germination was monitored every 2–3 days until no further 

germination was recorded. Following germination (May 25 to August 31, 2023), plants were 

irrigated to field capacity for one growing season, until reaching a mean height of 4.5 cm. In 

September 2024, we stop irrigating in all plants until final death. Five plants per family were 

selected (125 plants in total) for measurement. Soil moisture and chlorophyll fluorescence were 

monitored in each plant, initially weekly, subsequently moving to twice per week. The trial lasted 

for 152 days, until final death of all seedlings. The volumetric water content (VWC) of the 

substrate was monitored using a TDR (Time Domain Reflectometry) device equipped with two 

16-cm rods. The initial mean moisture at field capacity was 20%. Chlorophyll a fluorescence was 

measured using a portable pulse-modulated fluorometer (FMS2, Hansatech Instruments Ltd., 

UK). Chlorophyll a fluorescence was regularly measured (28 measurements) at dawn on needles 

adapted to darkness for 30 minutes, obtaining maximum quantum yield of photosystem II 

(Fv/Fm). In addition, predawn water potential (Scholander chamber), maximum quantum yield 

of photosystem II in dark- and light-adapted leaves (Fv/Fm and Fv’/Fm’, respectively), effective 

quantum yield of photosystem II (φPSII), and nonphotochemical quenching (NPQ) were 

measured in 3 occasions during the experiment (d0, d53, d66). 



 

 
For the statistical analysis, a mixed model was used, considering both the effect of the individual 

tree and the effect of the mother tree's age on seed weight, survival and chlorophyll 

fluorescence parameters. Trees were grouped into three age classes (Class 1: <50 years; Class 2: 

50–100 years; and Class 3: >100 years) to compare them. A repeated measures analysis was 

employed to analyze the effect of the mother tree’s age class on moisture levels and Fv/Fm over 

time. Regarding Fv/Fm, the function Fv/Fm=L*(1−exp(k*(152−day))c was fitted for each plant, 

comparing the curve parameters relative to age and age class. All statistical analyses were 

conducted using the SAS. 

 
Trees under 50 years old (class 1) showed a significantly lower seed weight than those in the 

other two age classes (P=0.0013. Class 1: 0.0098g, Class 2: 0.011g; Class 3: 0.010g). A high degree 

of variability among trees within each age class was also recorded (P<0.0001). By d74 soil 

moisture had reached 0% in all seedlings, irrespective of tree class age. For seed mass, survival 

and Fv/Fm a high degree of inter-individual variability was observed among seedlings (P<0.001). 

Mean survival for all plants was maintained over 90% for 82 days, then decreasing abruptly and 

linearly until total death in d152. Results from the repeated measures analysis showed 

significant higher survival rates over time in seedlings from class 1 (mother trees <50 years old) 

(P<0.01) compared to the other two classes. Seedlings in class 1 maintained survival rates over 

50% until d120, while seedling survival in the other two classes was 7% by then. Final survival in 

seedlings for class 1 was prolongued until d152, while occurred between 25 and 20 days earlier 

in the other two classes. 

Similarly to seedlling survival, the decrease in Fv/Fm over time was slower in seedlings from class 

1, showing the parameter related to the form of the fitted function a different trend in class 1 

compared to classes 2 and 3. Seedlings from classes 2 and 3 showed a drastic decrease in Fv/Fm 

as soon as moisture reaches 0% (day 74), whereas seedlings from class 1 maintained Fv/Fm 

values above 0.7 even after 100 days of drought. Thus, seedlings from class 1 showed a certain 

delay in reaching declining Fv/Fm. On the other hand, no differences were observed in predawn 

water potential (between -0.5MPa in d0 and -1.3MPa en d66), Fv/Fm, Fv’/Fm’, φPSII and NPQ 

measured in d0, d53, d66, as seedlings have not experimented total water stress by then. 



 

 
Unexpectedly, results for survival and Fv/Fm were not directly related to seed weight, as seeds 

from class 1 showed lower mass than those from class 2. Thus, the initial advantage shown in 

seedlings from class 1 (in terms of seedling survival and growth) to cope with drought cannot be 

associated to seed mass. Anyway, these differences in survival and Fv/Fm values associated with 

the mother tree's age disappear as the drought intensifies and the plant depends exclusively on 

available substrate resources absorbed through the root system. 

In conclusion, within the age range studied for Pinus uncinata (21 to 219 years) an effect of 

the mother tree's age was observed on the mean seed weight. Mortality was delayed and the 

decrease in Fv/Fm was slower in seedlings of Class 1 (mother trees < 50 years old), until their 

final death. Contrary to our hypothesis, such results cannot be explained through the mediation 

of seed mass. Furthermore, the findings highlight the high inter-individual variability across all 

studied parameters that was higher than the effect of mother tree age. The performance of 

seedlings from Class 1 under a severe drought could be an adaptive advantage, as long as the 

drought is not prolongued until reaching the point of irreversible damage. 

 

 

Keywords: old-growth forests, maximum quantum yield of photosystem II, Pinus 

uncinata, seed mass, seedling survival. 
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Abstract: 

Introduction 

Cork oak (Quercus suber L.) is a Mediterranean species of high economic, ecological, and 

social value (Bugalho et al., 2011). Ongoing climate change is increasing the frequency 

and intensity of droughts, particularly in Mediterranean ecosystems (IPCC, 2023), posing 

a major threat to cork oak persistence. Drought stress impairs tree functioning primarily 

through the formation and propagation of xylem embolisms, i.e. gas-filled conduits that 

disrupt hydraulic continuity and reduce water transport from roots to leaves (Tyree & 

Ewers, 1991). Reduced hydraulic conductivity constrains growth and physiological 

processes and may ultimately lead to hydraulic failure, increasing the risk of tree 

mortality under severe drought (Choat et al., 2018). Embolism resistance is coordinated 

with other drought-coping strategies and can vary substantially both among and within 

species (Rosas et al., 2019). 

The turgor loss point (Ψtlp) is the leaf water potential at which cells lose turgor. It is often 

associated with strong stomatal closure and growth cessation, although these processes 

may occur slightly before or after Ψtlp depending on species and environmental 

conditions (Brodribb et al., 2003). Understanding cork oak embolism resistance and how 

it varies with long-term site water availability can improve predictions of the impacts of 

future climate-change–related droughts across the spatial distribution of this species. 

Embolism resistance is most commonly assessed using xylem vulnerability curves 

(Pammenter & Van der Willigen, 1998; Duursma & Choat, 2017), which relate xylem 

water potential to a proxy for embolism formation, such as percentage loss of hydraulic 
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conductivity or percentage of air discharged from a branch. From these curves, it is 

possible to estimate the parameters Ψ12, Ψ50, Ψ88, and the slope of the linear phase 

of embolism propagation, corresponding to the xylem water potential at 12%, 50%, and 

88% of maximum embolism, respectively, and to the rate of embolism propagation 

during the linear phase (Duursma & Choat, 2017). These parameters, particularly Ψ50, 

are widely used to compare embolism resistance among individuals and species (Choat 

et al., 2012). 

This study aimed to (1) assess how cork oak embolism resistance varies according to 

long-term site water availability and (2) evaluate whether leaf turgor loss in cork oak is 

related to stem embolism resistance. 

Material and Methods 

Six sites within the distribution range of cork oak in Portugal were selected. All sites were 

located in regions showing negative trends in the Standardized Precipitation 

Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2010) over the last 38 years, 

indicating increasing drought severity. Trends in SPEI for July and August—the months 

with the most severe drought conditions in Mediterranean climates—were previously 

calculated for the entire cork oak distribution in Portugal (Rudley et al., unpublished). 

Although all regions exhibited significant drying trends, southern Portugal showed 

stronger negative SPEI trends than central and northern regions. Based on these 

differences, three sites with high rates of SPEI decline (lower water availability) and three 

with lower rates of SPEI decline (higher water availability) were selected. 

Within each site, trees were classified according to crown defoliation, and only trees with 

≤35% defoliation (high health status) were selected for hydraulic measurements. Nine 

trees per site were sampled for stem embolism resistance and leaf turgor loss point 

determination. Embolism resistance was measured on one branch per tree using the 

pneumatic method (Pereira et al., 2019), and vulnerability curves were used to estimate 

Ψ12, Ψ50, Ψ88, and the slope of the linear phase of embolism propagation. Leaf turgor 

loss point (Ψtlp) was assessed for each individual using pressure–volume curves (Turner, 

1988). The percentage of air discharged at Ψtlp (PAD@Ψtlp) was calculated by 

intersecting Ψtlp values with the fitted vulnerability curves. 

 

 
Results and Discussion 



 

Cork oak exhibited significant intraspecific variability in embolism resistance. Trees 

originating from sites with lower rates of SPEI decline (higher water availability) tended 

to show a higher Ψ12 (−2.163 ± 0.169 MPa; mean ± standard error) than trees from sites 

with higher rates of SPEI decline (lower water availability; −3.093 ± 0.177 MPa; p = 

0.052), indicating an earlier onset of embolism formation in trees from wetter sites. 

However, trees from sites with lower rates of SPEI decline exhibited a significantly lower 

slope of the vulnerability curve (0.926 ± 0.071) than trees from sites with higher rates of 

SPEI decline (1.50 ± 0.143; p = 0.039), suggesting slower embolism propagation during 

the linear phase in trees from wetter environments. 

Leaf turgor loss occurred across a wide range of stem embolism levels, from less than 

1% to nearly 30% (0.389% < PAD@Ψtlp < 29.948%). Trees from sites with lower rates of 

SPEI decline showed significantly higher PAD@Ψtlp values than trees from sites with 

higher rates of SPEI decline (p = 0.011), indicating that leaf turgor loss occurred at higher 

embolism levels in trees from wetter sites. PAD@Ψtlp was significantly related to 

embolism resistance parameters, showing a strong positive correlation with Ψ12 (r = 

0.896; p < 0.001) and a negative correlation with slope (r = −0.658; p = 0.001). Thus, trees 

in which embolism formation began at higher water potentials (higher Ψ12) tended to 

experience leaf turgor loss at higher levels of embolism, while slower embolism 

propagation during the linear phase (lower slope) was also associated with delayed leaf 

turgor loss. These results suggest a close coordination between stem hydraulic 

vulnerability and leaf water status regulation, assuming that stomatal conductance is 

strongly reduced near the leaf turgor loss point (Brodribb et al., 2003). 

Overall, the results suggest that SPEI may act as a useful proxy for long-term selective 

pressure on hydraulic traits. Trees from sites with lower water availability exhibited 

embolism onset at lower water potentials, indicating greater resistance to embolism 

formation under severe drought. In contrast, trees from sites with higher water 

availability, despite exhibiting embolism onset at higher water potentials, showed slower 

embolism propagation during the linear phase and higher embolism levels at leaf turgor 

loss point. This pattern suggests that trees in wetter environments may tolerate higher 

levels of embolism, potentially allowing for extended growth periods under milder 

drought conditions. 

Future studies should assess leaf hydraulic vulnerability to determine whether these 

patterns persist when leaf xylem resistance is considered instead of stem resistance. In 

addition, concurrent measurements of stomatal conductance and embolism resistance 

would further improve our understanding of drought tolerance mechanisms in cork oak. 



 

Keywords: cork oak, SPEI, xylem, vulnerability curves, pressure-volume-curves, drought 

resistance. 
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Abstract: (about 2.000 words maximum) 

Climate change is intensifying atmospheric evaporative demand and the frequency of 

heatwaves, thereby amplifying drought risks that threaten crop productivity. In rainfed systems, 

yield depends heavily on the rate of soil water depletion and the timing of water stress onset. A 

key strategy for delaying this stress without compromising carbon gain is enhancing intrinsic 

water use efficiency (iWUE)—the ratio of net CO3 assimilation (An) to stomatal conductance gs. 

While C4 crops like maize and sorghum are inherently more water-efficient than CЈ species, 

projected climate extremes expose critical physiological constraints even in C4 pathways. Thus, 

improving iWUE is not merely an incremental gain, but a necessity for maintaining yield stability 

and sustaining optimal plant water status. This abstract synthesizes current understanding of the 

physiological, anatomical, and biochemical determinants of iWUE in C4 crops and identifies 

opportunities and trade-offs associated with its improvement at the leaf, canopy and field scales 

(for full text, see: Ghannoum, Al-Salman & Cano, 2025. New Phytologist: 248(6): 2656-2673). 

The C4 carbon-concentrating mechanism (CCM) evolved independently multiple times in 

response to declining atmospheric CO3 and increasing aridity. By integrating anatomical and 

biochemical traits that concentrate CO3 around Rubisco, this mechanism effectively suppresses 

photorespiration. Consequently, C4 plants achieve a target assimilation rate An at lower 

intercellular CO3 concentrations and lower stomatal conductance gs than CЈ species, resulting in 

higher iWUE. However, the C4 syndrome is not merely a biochemical trait; it is inextricably linked 

to leaf architecture—including high vein density and specialized mesophyll–bundle sheath 

organization—which coordinates both CO3 diffusion and water transport. Furthermore, in NADP- 

ME subtypes (to which all major C4 crops belong), this spatial regulation is extreme: Rubisco is 
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confined to bundle sheath chloroplasts, while Photosystem II (PSII) is located in the mesophyll 

and notably absent from the agranal bundle sheath chloroplasts. 

Despite these evolutionary advantages, C4 photosynthesis remains susceptible to climatic 

constraints that directly impact iWUE. For instance, heat stress can impair metabolic 

coordination and carbon fixation efficiency, reducing An independently of stomatal limitations. 

When An declines while gs remains elevated to facilitate evaporative cooling, iWUE drops, 

leading to the depletion of soil water without proportional carbon gain. Conversely, drought- 

induced stomatal closure may transiently increase iWUE, though typically at the expense of total 

assimilation. The ultimate efficiency depends on the anatomical configuration governing internal 

CO3 diffusion. Traits such as smaller mesophyll cells, increased mesophyll surface area (Sm), 

closer mesophyll–bundle sheath proximity, and thinner mesophyll cell walls can shorten 

diffusion paths and enhance mesophyll conductance (gm). When gm is low, any reduction in gs 

disproportionately suppresses An. In contrast, anatomical configurations that maximize internal 

diffusion allow plants to sustain An at lower gs, thereby optimizing iWUE. 

Stomatal conductance serves as the primary mechanism through which plants regulate 

transpiration. Anatomical traits—specifically stomatal density and size—establish the maximum 

potential gs, whereas stomatal kinetics dictate the speed of response to fluctuating light, vapour 

pressure deficit (VPD), and temperature. C4 grasses typically feature numerous small stomata 

capable of rapid adjustments during transient conditions; for instance, quick closure when a leaf is 

shaded prevents unproductive water loss. Indeed, genetic and phenotypic variation in stomatal 

patterning suggests that modifying density can significantly reduce water consumption and 

enhance leaf iWUE. However, the implications of reduced gs extend beyond water 

conservation, as stomatal regulation is intrinsically linked to leaf temperature. By fostering 

evaporation within the leaf, stomatal aperture dissipates energy via latent heat, providing a 

critical cooling mechanism that prevents leaf temperatures from exceeding physiological optima. 

Leaf morphology, particularly leaf width, reinforces the connection between energy balance and 

water loss. Narrow leaves are often characterized by smaller cells and higher vein and stomatal 

densities, which shorten internal transport distances for both water and CO2. This structural 

advantage is especially relevant in crops like sorghum; despite being a C4 species, sorghum 

exhibits lower carbonic anhydrase activity than other C4 grasses, which can limit CO2 hydration. 

Consequently, the reduced diffusion resistance (i.e. higher gm) provided by narrow-leaf 

genotypes may explain their ability to increase An and biomass under both well-watered and 

combined heat and water-stress conditions when atmospheric CO2 is enriched. Simultaneously, 

their reduced widths result in thinner boundary layers, enhancing convective heat and vapour 

exchange. This configuration facilitates efficient transpirational cooling while structural traits 

maintain robust internal diffusion. In contrast, wider leaves develop thicker boundary layers of 

still air that act as insulation, restricting convective heat loss and potentially elevating leaf 

temperatures under high irradiance. To prevent heat damage, wider leaves must rely more 



 

heavily on evaporative cooling, necessitating a higher gs to dissipate radiation as latent heat. 

Conversely, because narrow leaves shed heat easily through convection, they can maintain 

physiological optima even with lower gs. Consequently, leaf width serves as a critical integrative 

trait—linking anatomy, leaf-air coupling, and gas exchange—explaining why narrow-leaved 

species, and C4 landraces with low selection intensity for yield, often achieve higher iWUE by 

sustaining carbon gain while minimizing transpirational demand. 

Nevertheless, a constitutively low gs is not always advantageous, as stomatal regulation is also 

intricately linked to nutrient acquisition. Specifically, reduced gs can impair transpiration-driven 

nutrient uptake, a constraint that is particularly significant in low-fertility, rainfed systems where 

mass flow is critical. Such nutritional deficits can, in turn, further compromise photosynthetic 

capacity, creating a negative feedback loop. Beyond nutrient dynamics, plants under extreme 

heat require flexibility to increase gs to sustain canopy cooling. This is vital during reproductive 

stages, where preventing heat-induced damage to pollen maturation is essential for successful 

pollination and grain fill—factors that ultimately influence yield more than the preservation of 

soil water. Therefore, the most impactful improvements in iWUE are those that maintain high An 

at moderate gs while preserving the plastic capacity for evaporative cooling and nutrient 

transport, rather than strategies that simply minimize stomatal conductance at the expense of 

thermal and nutritional stability. 

The scaling of leaf width to the canopy level further underscores its agronomic relevance. While 

reducing leaf width may result in a lower individual canopy area, medium-tall genotypes with 

narrow, erect leaves allow light to penetrate deeper into the profile. Such improved light 

distribution optimizes radiation use efficiency (RUE) and canopy-level WUE more effectively than 

the shorter internodes and heavily shaded canopies typical of many commercial hybrids. 

Combined with a reduced canopy projection—since leaf width and length are often positively 

correlated—these traits facilitate greater canopy packing (i.e. planting densities) without 

inducing source limitations or excessive mutual shading. Furthermore, the resulting dense 

arrangement reduces unproductive water loss via soil evaporation, a common inefficiency in 

traditional sorghum planting patterns. Consequently, the crop can support more reproductive 

organs (e.g., heads) per unit area. An analogous logic extends underground; narrow-leaved 

genotypes that constitutively prioritize vertical rather than horizontal root growth can alleviate 

competition for shallow soil moisture in high-density stands. Enhanced verticality improves 

access to deeper water reserves that sustain uptake, reduce inter-plant competition, and delay 

the onset of water stress, thereby extending the grain-filling period. Collectively, this suite of 

coordinated traits determines how efficiently a C4 crop converts limited water and light into 

harvestable yield. 

Ultimately, iWUE should be viewed not as a target for maximal reduction of transpiration, but as 

a trait that optimizes the timing and effectiveness of water use. Since transpiration is essential 

for nutrient transport and canopy cooling, the objective is to improve the ratio of carbon gain to 



 

water loss while retaining the plasticity to dissipate heat when necessary. In the context of 

climate change, improving WUE in C4 crops requires the coordinated modification of traits 

governing stomatal behavior, internal diffusion, leaf size and position, root growth patterning, 

and canopy architecture. The existing natural variation and high heritability for stomatal traits, 

leaf width, vein density, and mesophyll anatomy provide a robust foundation for this selection. 

Finally, predictive models incorporating Genotype × Environment × Management (G x E x M) 

interactions can guide the design of climate-resilient ideotypes and management strategies that 

moderate early-season water consumption, postpone stress, and maintain yield stability under 

terminal drought. 
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Abstract: 

Rootstocks play a key role in regulating plant water relations and drought tolerance 

mechanisms in fruit crops, particularly under semi-arid Mediterranean conditions where 

irrigation water availability is increasingly constrained. Although persimmon was traditionally 

grown for household consumption or in small orchards, its cultivation has expanded significantly 

in recent years. Consequently, Spain is currently the second largest producer worldwide, with an 

average annual production of approximately 120,000 tons over the last five years (FAOSTAT, 

2025). 

Understanding how different rootstocks affect physiological responses related to whole- 

plant water status requires the combined use of ground-based measurements and remote 

sensing approaches (González-Dugo et al., 2013), as this integration allows disentangling the 

relative contribution of stomatal regulation and hydraulic behaviour to plant responses under 

water deficit (Ramirez-Cuesta et al., 2022). In this context, the objective of this study was to 

compare the physiological responses to water deficit of ‘Rojo Brillante’ persimmon trees grafted 

onto Diospyros lotus and Diospyros virginiana, by integrating ground-based measurements of 

plant water status and gas exchange along with UAV-derived indicators in order to assess the 

combined effect of water stress and rootstock. 

The experiment was conducted during the summer of 2025 in a 10-year-old persimmon 

(Diospyros kaki Thunb.) orchard (1 ha) cv. Rojo Brillante grafted onto D. lotus and D. virginiana 

rootstocks, located at the CEBAS-CSIC experimental station in Murcia (SE Spain). Trees were 

spaced at 3 m × 5 m and grown in a stony, silty-clay-loam textured soil. The orchard was drip- 

mailto:mcruiz@cebas.csic.es


 

irrigated using a single line with five pressure-compensated emitters (3.5 L h⁻¹) per tree, spaced 

0.6 m apart. Irrigation water had an electrical conductivity ranging from 0.8 to 2.5 dS m⁻¹ and a 

pH of 8.2. Meteorological variables, including reference evapotranspiration (ET₀) and rainfall, 

were obtained from a nearby weather station. 

All trees were irrigated to meet full crop water requirements (100% ETc; Allen et al., 

1998) (Control treatment). In the Stress treatment, irrigation was suspended from day of the 

year (DOY) 198 until midday stem water potential reached −1.6 MPa, a threshold value indicative 

of severe water deficit (Badal et al., 2013). Irrigation was then resumed, resulting in different 

durations of the withholding period depending on the rootstock: 22 and 34 days in D. lotus and 

D. virginiana, respectively. 

Ground-based measurements of plant water status included continuous records of trunk 

water potential (Ψtrunk) and sap flow (SF), using trunk microtensiometers (FloraPulse Inc., Davis, 

CA, USA) and stem heat balance sap flow sensors (Dynamax Inc., Houston, TX, USA), respectively. 

Discrete determinations of leaf (Ψleaf) and stem (Ψstem) water potentials were carried out at 

midday using a pressure chamber, as well as measurements of leaf gas exchange and leaf osmotic 

potentials. 

Concurrently, on DOY 218 (representative of maximum water deficit), thermal and 

multispectral imagery were acquired using a UAV platform (DJI Matrice 200) equipped with a 

radiometric thermal camera (DJI Zenmuse XT2) and a multispectral camera (MicaSense). 

Thermal imagery was used to estimate canopy temperature (Tc), while multispectral data 

allowed the calculation of vegetation indices related to canopy vigour and plant water status 

(e.g. NDVI, TCARI, NDRE, OSAVI, RNDVI, CCCI, among others). 

Our results revealed that ground-based physiological measurements and UAV-derived 

indicators agreed with contrasting stomatal and hydraulic responses to water deficit in D. lotus 

and D. virginiana (Tardieu and Simonneau, 1998). 

In the Stress treatment, D. lotus exhibited a pronounced decline up to 50% in both Ψleaf 

and Ψstem, with respect to their Control values, while Ψtrunk declined sharply, reaching minimum 

values close to −2.5 MPa, indicative of severe water stress. Despite this important decline in 

water potentials, D. lotus maintained relatively stable rates of net photosynthesis (Pn) and 

stomatal conductance (gs). This response is consistent with an anisohydric behaviour where 

stomata remain partially open despite decreasing water potential, allowing carbon assimilation 

under water deficit conditions (Flexas et al., 2004). In contrast, D. virginiana showed a more 

conservative response to water restrictions, with more pronounced reductions in Pn and gs in 

response to decline in Ψleaf and Ψstem values in the Stress treatment, which were lower than those 

observed in D. lotus. Ψtrunk remained significantly higher values than the Control ones, rarely 

dropping below -1.6 MPa. This response was typical of a near-isohydric strategy (Martínez-Vilalta 

et al., 2014). Comparative reductions in sap flow between irrigation treatments were 

substantially greater in D. virginiana than in D. lotus, indicating a stronger water deficit effect 

coupled with an isohydric pattern. Furthermore, no significant osmotic adjustment was detected in 

either rootstock, suggesting that drought responses were mainly driven by stomatal and 

hydraulic regulation rather than by tolerance stress mechanisms. 



 

At the canopy level, D. lotus showed no significantly differences between Control and 

Stress treatments in most multispectral indices related to canopy vigour (NDVI, NDRE, TCARI, 

OSAVI, among others). Only Tc reacted to water deficit, increasing from 31.21 to 34.03 °C. The 

limited sensitivity of multispectral indices in D. lotus may be partially influenced by its reported 

sensitivity to salinity, as chloride accumulation (Visconti et al., 2017) as also suggested by the 

significant variation observed in CCCI values, although the maintenance of spectral stability is 

consistent with anisohydric behaviour. 

In contrast, D. virginiana exhibited significant changes in both thermal and multispectral 

indicators. As expected, Tc increased in the Stress treatment, accompanied by significant 

reductions in vegetation indices related to chlorophyll content and photosynthetic performance, 

such as NDVI (0.83 to 0.80 in Control and Stress treatments, respectively), NDRE (0.50 to 0.47), 

RNDVI (0.65 to 0.62), and TCARI (0.11 to 0.13). These results indicate an early canopy-level 

response to water stress, which is consistent with the isohydric behaviour of D. virginiana, where 

stomatal closure rapidly constrains transpiration and carbon assimilation, leading to detectable 

optical and thermal signals (González-Dugo et al., 2013; Romero-Trigueros et al., 2019). 

Overall, the strong agreement between ground-based physiological measurements and 

UAV-derived indicators demonstrates that water stress detectability is primarily modulated by 

rootstock hydraulic behaviour rather than by the stress intensity. The absence of significant 

treatment × rootstock interactions further confirms that the contrasting responses observed are 

driven by intrinsic rootstock selection. These findings highlight the value of integrating plant- 

level physiological measurements with remote sensing approaches to accurately assess plant 

water status (González-Dugo et al., 2013). Finally, the two rootstocks exhibited different drought- 

response mechanisms, which should be carefully considered when selecting appropriate 

rootstocks for persimmon cultivation under increasingly limited and low-quality irrigation water 

conditions. 
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Abstract: In arid and semi-arid regions, increasing water scarcity has intensified the reliance on 

alternative irrigation sources to sustain agricultural production. Among these, desalinated seawater has 

emerged as a strategic resource to guarantee water availability under climate change scenarios. However 

desalinated seawater often contains relatively high boron concentrations (B). The long-term use of these 

waters can lead to B accumulation in soils and plant tissues, potentially affecting crop performance. B is 

an essential micronutrient for plant growth, but the range between deficiency and toxicity is particularly 

narrow, especially in woody perennial crops such as citrus. Citrus species are particularly sensitive to 

excess B; however, its effects on plant water status and gas exchange are not yet fully understood. This 

knowledge gap is especially relevant in the context of irrigation with non-conventional water sources, 

where plants are exposed to elevated B concentrations. B is primarily transported passively through the 

xylem along the transpiration stream and exhibits very limited mobility in the phloem in citrus. As a result, 

B tends to accumulate in transpiring tissues, particularly in leaves, with little capacity for redistribution or 

removal. This transport pathway suggests a close interaction between plant water use, gas exchange, and 

B accumulation. However, it remains unclear whether reductions in stomatal conductance (gs) and 

transpiration (Eleaf) under high B effectively mitigate B uptake, or whether such adjustments are insufficient 

under prolonged exposure. This study investigated the response of Citrus macrophylla seedlings to high B, 

with particular emphasis on plant water relations, leaf gas exchange, and B accumulation. Six-month-old 

plants were grown under controlled conditions and irrigated with nutrient solutions containing either 0.11 

mg·L¯¹ B (control) or 5 mg·L¯¹ B for 30 days (t1) and 55 days (t2). 
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As expected, high B irrigation resulted in a marked increase in B concentration in both roots and 

leaves. However, B accumulation was substantially higher in leaves than in roots, within leaves, 

concentrations were consistently higher in mature leaves than in young ones. These patterns were 

observed at both sampling times and became more pronounced at t2, indicating progressive accumulation 

with prolonged exposure. This distribution confirms that B is predominantly transported via the xylem and 

is not effectively redistributed through the phloem in citrus, leading to preferential accumulation in 

transpiring tissues. Despite substantial B accumulation in leaf tissues, plant water status remained 

remarkably stable under high B supply. Leaf water potential (5 leaf), osmotic potential (5 o), and turgor 

pressure (Up) did not differ significantly between control and high B treatments at either sampling time, 

indicating that high B did not induce detectable hydraulic impairment, even after prolonged exposure. As 

a micronutrient, leaves accumulate B in small quantities which can reach toxic levels, but it is insufficient 

to initiate osmotic adjustment processes. Thus, B does not function as an osmolyte that contributes to 

osmotic adjustment. 

In contrast to the stability of plant water status, gas exchange parameters were significantly 

affected by high B. At t1, net CO2 assimilation (ACO2), gs, and Eleaf were all significantly reduced under high 

B supply, while intercellular CO2 concentration (Ci) remained unchanged. This pattern indicates the onset 

of photosynthetic limitation with a relevant stomatal component, together with early non-stomatal 

constraints. B-induced stomatal regulation occurred independently of plant hydraulic impairment as plant 

water status remained unaltered, suggesting that chemical or metabolic signals rather than hydraulic 

constraints were involved in controlling stomata closure. At t2, photosynthetic rates remained significantly 

reduced, accompanied by further reductions in gs and Eleaf. However, in contrast to t1, Ci increased 

significantly under high B, indicating that limitations to photosynthesis were no longer imposed by CO3 

diffusion but by metabolic constraints on carbon fixation, consistent with a predominance of non-stomatal 

limitations during prolonged exposure. This transition suggests that prolonged B accumulation 

progressively impairs photosynthetic metabolism. 

Both intrinsic (ACO2/gs) and instantaneous (ACO2/Eleaf) water-use efficiency decreased significantly 

under high B at both sampling times. Importantly, these declines were driven by a disproportionate 

reduction in CO2 assimilation relative to gs and Eleaf, indicating impaired coordination between carbon gain 

and water loss. High foliar B concentrations were also associated with reductions in leaf area, particularly 

in young leaves, together with a reduced photosynthetic. These effects were more pronounced at t2, 

consistent with the cumulative accumulation of B in leaf tissues and its progressive impact on plant 

physiological performance. Although reductions in gs and Eleaf likely slowed transpiration-driven B 

transport, they were insufficient to prevent the continued accumulation of B in leaf tissues. Because B is 



 

passively transported through the xylem and exhibits very limited phloem mobility in citrus, even reduced 

transpiration results in a positive B balance under sustained exposure to B-rich irrigation water. Moreover, 

the limited capacity for B redistribution or elimination means that B accumulated in mature leaves cannot 

be effectively removed, favouring its progressive accumulation and associated toxic effects over time. 

The concurrent decline in photosynthesis and water-use efficiency under stable plant water status 

highlights a decoupling between water use and carbon gain. Excess B disrupts the coordination between 

ACO2 and Eleaf, resulting in reduced carbon gain per unit of water transpired. This inefficiency has important 

implications for crop performance under water-limited conditions, where maximizing carbon assimilation 

relative to water use is critical. The reduction in photosynthetic capacity associated with high foliar B 

concentrations implies a lower capacity for photoassimilate production, which may have consequences 

for plant growth under prolonged exposure. Although citrus plants exhibit some capacity for early 

physiological adjustment, these responses are insufficient to cope with prolonged irrigation using high B 

water. 

In conclusion, excess B altered carbon assimilation and water-use efficiency in Citrus macrophylla 

seedlings without inducing detectable changes in plant water status. The comparison between earlier and 

prolonged exposure revealed a time-dependent shift from early mixed stomatal and non-stomatal 

limitations to predominantly non-stomatal constraints on photosynthesis, concurrent with sustained B 

accumulation in leaf tissues. Although reductions in gs and Eleaf were consistent with a decreased 

transpiration-driven transport of B, these adjustments were insufficient to prevent its continued 

accumulation, these adjustments were insufficient to prevent continued B accumulation in leaf tissues, 

underscoring the progressive build-up of B under prolonged exposure. These results demonstrate the 

limited capacity of citrus plants to physiologically adjust to long-term irrigation with B-rich, non- 

conventional water sources and emphasize the need for careful management of B when using desalinated 

seawater in citrus production. 
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Abstract: (about 2.000 words maximum) 

Grafting has been fundamental in viticulture since the phylloxera crisis of the late 

nineteenth century. It combines the desired traits of the Vitis vinifera L. scions with the 

disease tolerance and environmental adaptability of rootstocks of American Vitis species 

or their hybrids. Over time, grafting methods evolved from a range of manual techniques 

to primarily omega bench grafting, which is currently the most widely used approach 

due to its high efficiency and compatibility with mechanization. Nevertheless, there is 

still little information on how the vascular connections at the graft union influence the 

ecophysiological response of grapevines. In this study, the effects of grafting on Vitis 

vinifera cv. Tempranillo were examined using an experimental procedure that compared 

omega-grafted vines with complete alignment of the vascular cambium between the 

scion and the rootstock (CA) and vines with partial cambial alignment (PA), grafted onto 

the rootstocks 110 Richter (110R) and RG8. Two complementary trials were carried out 

in the nursery and in the field. CA grafted plants showed higher grafting success in the 

nursery. In the vineyard, vine growth was significantly affected by scion-rootstock 

alignment during the first three seasons, although these differences were mitigated over 
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time. During the fourth season, CA vines showed enhanced vegetative growth and gas 

exchange parameters, particularly when grafted onto 110R, while the vigorous RG8 

rootstock reduced the negative effects of misalignment. These findings demonstrate that 

cambial alignment and scion–rootstock interactions significantly affect vine growth and 

physiological performance. However, long-term studies are required to elucidate how 

vascular connectivity at the graft union influences transport processes, stress responses, 

and vine longevity across different scion–rootstock combinations. 

Keywords: cambium, rootstock-scion interaction, stomatal conductance, Vitis vinifera 

L., water potential 

1. Introduction 

Grafting Vitis vinifera L. (traditional cultivars for wine production) onto North American 

grapevine species or hybrids is routinely used in most grape growing areas, accounting 

for about the 80% of vineyards globally (Ollat et al., 2016). Grapevine grafting started at 

the end of the 19th century to combat phylloxera (Daktulosphaira vitifoliae), since many 

of the American Vitis species are tolerant to this soil-borne pest. In nurseries, the most 

popular grafting method is the omega grafting, due to its high success rate (Mary et al., 

2017). However, the high throughput of nursery grafting production may compromise 

graft union quality, with a smaller contact surface and presumably a worse connection 

area, which may affect the phloem and xylem formation. Decline of vineyard longevity 

might be partially attributed to reduced grafting quality in the nurseries (Gramaje & 

Armengol 2011, Waite et al. 2015). Thus, misalignment between the scion and the 

rootstock is recognized as a critical factor contributing to graft failure (Bester 2020), as it 

limits vascular connections (Milien et al. 2012) and restricts xylem and phloem 

translocation (Shtein et al. 2017). Nevertheless, there is still little information on how 

the vascular connections at the graft union affect the ecophysiological response of 

grapevines. In this study, the effects of grafting on Vitis vinifera cv. Tempranillo were 

examined using an experimental procedure comparing omega-grafted vines with 

complete vascular cambium alignment between the scion and the rootstock (CA) and 

vines with partial cambial alignment (PA), grafted onto the rootstocks 110 Richter (110R) 

and RG8. 

 
2. Materials and Methods 

2.1 Plant material and grafting conditions 

CA plants were obtained by carefully selecting scion and rootstock canes with similar 

diameters prior to grafting. In contrast, for PA plants, only one side of the scion and 



 

rootstock was aligned to guarantee cambial contact, with a moderate diameter 

mismatch intentionally sought (Fig. 1). Grafting tasks were performed in Vitis Navarra 

nursery facilities, following the commercial protocol established by the nursery and 

described in Marín et al. (2022). Briefly, one-bud (approx. 4-5 cm) hardwood dormant 

cuttings of Tempranillo were grafted onto 30 cm manually de-budded canes of the 110 

Richter (V. beliandieri x V. rupestris) and RG8 (41 B × 110 R) rootstocks, the latter a newly 

developed rootstock obtained by the collaborating nursery, which has recently been 

authorized as commercial rootstock (Marín et al., 2023). After grafting, plants were 

waxed and placed in a stratification chamber for 22 days and then planted in the rooting 

field following a randomized complete block design. At the end of the nursery period, 

grafted plants were uprooted for evaluation. 

2.2 Evaluation of the grafting success rate 

The success rate (SR) of grafting was determined after uprooting as the percentage of 

grafted plants meeting the required quality criteria relative to the total number of 

grafted plants produced. The criteria for discarding a plant were: (i) lack of vegetative 

development, (ii) poor root growth, and (iii) insufficient mechanical strength of the graft 

union, assessed using the “thumb test,” a manual evaluation of graft union resistance, 

following national regulatory guidelines (Real Decreto 208/2003, 2003). The thumb test 

consisted of firmly pushing the scion with the thumb to evaluate the mechanical strength 

of the graft union. Plants meeting all quality criteria were classified as successful and 

were used to establish the experimental vineyard trial described below. 

Grafting success rate (SR) was determined by individually evaluating first the resistance 

and robustness of the graft union (Waite et al. 2015), and then the overall appearance 

of the plant and the characteristics of its root system. Each graft was manually subjected 

to the thumb test, in which the scion was firmly pushed with the thumb to assess the 

mechanical strength of the union. Plants that passed this test were visually evaluated 

and classified as unsuccessful when they showed poor overall appearance and/or less 

than three well-developed and well-distributed roots. Finally, success rate (%) was 

calculated as the ratio of successful plants which were used to perform different growth 

measurements, and part of these plants were planted in pots for three years. 



 

 

 
Fig. 1. Plants grafted according to a completely aligned scion and rootstock cuttings (CA, A), and 

partially aligned scion and rootstock cuttings (PA, B). Success rate (%) of CA scion and rootstock 

cuttings and PA scion and rootstock cuttings (C). 

 

2.3 Experimental design in vineyard 

A detailed description of the vineyard experimental set up can be found in Marin et al. 

(2022) and Villa-Llop et al. (2025). Briefly, grafted vines were planted in 2018 in Murieta, 

Navarra (42°39ʹ49ʺ N, 2°09ʹ27ʺ W, elevation 500 m), within a commercial vineyard 

belonging to Quaderna Via winery. The experimental design followed a completely 

randomised design with three blocks. Each block included 10 plants per rootstock and 

grafting alignment, totalling 30 plants per treatment (up to 120 experimental vines). 

Space between vines was 1.2 m and 3 m between rows; plants were trained to a bilateral 

cordon Royat under vertical shoot positioning. Vineyard management was conducted 

according to the winery’s discretions. 

2.3. Grapevine growth, water status, and gas exchange parameters 

From 2018 to 2024, grapevine vegetative growth was assessed by estimating the trunk 

cross-sectional area of each vine (ST) after measuring two perpendicular trunk diameters 

with a digital caliper (CD67-S15PP, Mitutoyo Corp., Japan). All ecophysiological 

measurements were performed on six uniform vines per treatment (n = 6; two per 

block), selected based on ST. Vine water status was monitored throughout the 2022 and 

2023 growing seasons by measuring predawn water potential (Ψpd) on fully expanded, 

healthy, sun-exposed leaves. Ψpd was determined using a Scholander-type pressure 

chamber (P3000, Soil Moisture Corp., Santa Barbara, CA, USA). Gas exchange parameters 

were conducted with an infrared open gas exchange analyser (Li-6400/XT, LI-COR Inc., 

USA), equipped with a 6 cm2 leaf cuvette. Photosynthetic rate (AN), stomatal 



 

conductance (gs), and leaf transpiration (E) were measured per unit leaf area, with 

measurements taken under steady-state conditions with fully sun-exposed, 

photosynthetically active leaves (photosynthetically active radiation, PAR > 1500 μmol 

m−2 s−1) at 400 ppm of CO2 concentration. 

 
2.4 Statistical and bioinformatic analysis 

Statistical analyses were conducted with R studio version 3.6.1 (RStudio Team, 2021). 

After assessing the lack of interaction between year and alignment, a single mean value 

per treatment-block was calculated for grapevine growth, water status, and gas 

exchange parameters. Then, they were analyzed by using the Student’s t-test after 

assessing the normality of the data. 

 
3. Results 

The success rate measured in the nursery before planting showed that CA grafted-plants 

had higher success rate values (Fig. 1C). This better performance was especially observed 

in plants grafted onto RG8. The higher nursery success of CA plants was associated with 

greater vegetative growth during the first growing season in the field (2018, Fig. 2). 

However, from the fifth season 2022 onwards, a lower rate of growth was observed in 

RG8 (Fig. 2B). Contrarily, CA plants grafted onto 110R showed higher growth rates (Fig. 

2A). 
 

Fig. 2. Trunk section (ST, cm2) of completely aligned scion and rootstock cuttings (CA), and partially aligned 

scion and rootstock cuttings (PA) over the 2018-2024 growing seasons. 



 

Grapevine water status was assessed after measuring predawn leaf water potential (Ψpd) 

(data not shown). For 110R, CA vines exhibited less negative Ψpd values than PA vines. In 

2022, Ψpd averaged −0.23 and −0.29 MPa in CA and PA vines, respectively. While in 2023 

this difference was wider, with values of −0.27 and −0.42 MPa in CA and PA vines, 

respectively. On RG8, the opposite behavior was observed, with PA vines with a better 

water status than CA vines. Thus, in 2022, PA vines reached −0.23 MPa compared with 

−0.29 MPa in CA vines, whereas in 2023 the difference was larger (−0.23 MPa in PA and 

−0.47 MPa in CA vines). 

Regarding gas exchange parameters, stomatal conductance (gs) was increased in 110R- 

CA vines while decreased in RG8-CA vines (Table 1), following a similar pattern to that 

observed for Ψpd. However, no impact of cambium alignment was observed on AN and 

E. 

Table 1. Effect of graft alignment (GA; CA: Completely aligned and PA: Partially aligned) on stomatal 

conductance (gs), net photosynthesis (AN), and evapotranspiration (E) of grapevines planted in Murieta 

during the 2022 and 2023 growing seasons. 

 
 
 
 

 
2022 

 
 
 
 
 
 
 
 
 

 
2023 

Graft gs (mol HO2.m- AN (µmol E (mol H2O.m- 
Rootstock 

alignment 
2.s-1) CO2.m-2.s-1) 2.s-1) 

CA 0.29 ± 0.03 a 13.0 ± 1.4 8.2 ± 0.7 

110R 

PA 
 

0.09 ± 0.01 b 
 

11.7 ± 1.0 
 

6.2 ± 0.8 

p value ** ns ns 

CA 0.08 ± 0.01 b 11.3 ± 1.3 6.4 ± 1.0 

RG8 

PA 
 

0.17 ± 0.01 a 
 

11.7 ± 0.9 
 

6.9 ± 0.7 

p value ** ns ns 

CA 0.32 ± 0.05 a 14.8 ± 1.6 a 4.9 ± 0.7 ab 

110R 

PA 
 

0.09 ± 0.02 b 
 

11.0 ± 1.5 ab 
 

3.0 ± 0.6 b 

p value ** ns ns 

CA 0.10 ± 0.02 b 9.8 ± 0.9 b 3.1 ± 0.6 b 

RG8 

PA 
 

0.25 ± 0.04 a 
 

14.1 ± 1.6 ab 
 

5.1 ± 0.6 a 

p value ** ns ns 

 



 

Completely aligned scion and rootstock cuttings (CA), and partially aligned scion and rootstock cuttings 

(PA). 

 

4. Discussion 

The higher success rate observed in CA plants was presumably related to the pre- 

selection of scion and rootstock material with similar diameters prior to grafting, which 

may have improved grafting efficiency by increasing contact between the cambial tissues 

of both partners (Cangı ̇& Etker, 2018). 

As previously reported by Marín et al. (2022) , CA vines had a higher vegetative growth 

rate during the first seasons. This difference could be explained by irregular vascular 

organisation that may compromise water transport and physiological performance in PA 

vines, which arise when rootstock and scion cuttings are not properly aligned at grafting 

(Milien et al. 2012). In this sense, a recent study showed that differences between CA 

and PA vines could persist after five growing seasons, suggesting that graft alignment can 

affect vine performance beyond the vineyard establishment phase, especially when 

weather conditions are more extreme (Villa-Llop et al., 2026). 

Regarding water status and gas exchange parameters, CA vines, particularly on 110R, 

maintained better water status and higher AN compared to PA vines, which may explain 

their superior ST. Accordingly, several authors have demonstrated that proper vascular 

continuity at the graft union may reduce hydraulic resistance and improve physiological 

and growth performance (Adams et al., 2018; Battiston et al., 2022; Korkutal et al., 2018; 

Milien et al. 2012). Contrarily, RG8-PA vines showed a similar or even improved 

physiological performance. This response could be explained by the fact that omega 

grafts irregularly distributed functional xylem vessels around the graft union (Camboué 

et al., 2025), with enhanced connections often appearing below the bud (Loupit et al., 

2025). It is plausible that in PA vines, this vascular pathway, together with the high 

inherent vigor of RG8 (Marín et al. 2023; Buesa et al. 2023), likely compensated for 

partial misalignment, maintaining sufficient xylem connectivity to support growth. 

5. Conclusion 

This study combined different and complementary experimental approaches that 

provided new evidence that cambial alignment during grafting affected plant 

development and physiological performance. CA grafted vines showed higher grafting 

success in the nursery. In the vineyard, vine growth was significantly affected by scion- 

rootstock alignment during the first three seasons, although these differences were 



 

mitigated over time. During the fifth season, vegetative growth and gas exchange were 

enhanced in CA vines; however different behavior was observed according to the 

rootstock identity. Thus, RG8 rootstock mitigated misalignment impact and maintained 

comparable or even improved physiological performance in PA vines. 

Further long-term studies are required to investigate whether differences in vascular 

connectivity at the graft union affect xylem and phloem functionality, and whether these 

structural and physiological traits may influence vine longevity under different scion- 

rootstock combinations. 
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Abstract: 

Motivation and background. 

4.Methodologies based on Air-Coupled Ultrasonic Technology (ACU) has been proven in 

the last decade as a powerful tool for the non-invasive and rapid study of water relations 

in leaf tissues. Indeed, an extensive review on this topic was presented at this symposium 

two editions ago (Fariñas et al. 2024). This current study addresses the need to validate 

and transition this innovative approach to the field, applying the Non-Contact Resonant 

Ultrasound Spectroscopy (NC-RUS) technique alongside standard ecophysiological 

protocols to evaluate its practical utility in real stress conditions. 

In particular, our research aims to evaluate whether ultrasonic parameters directly 

measured in the field can be used as a proxy to detect early water stress in a highly 

relevant crop such as avocado (Persea americana). This species, with its near-isohydric 

behaviour, exhibits a narrow range of leaf water potential (LWP) before strong stomatal 

closure. This trait, coupled with the critical summer conditions of semi-arid regions like 

the Mediterranean, complicates early stress detection via conventional means especially 

in summer. 

Objectives and methodology. 

5.The aims of this study were two-fold: i) to evaluate the sensitivity of key ultrasonic 

parameters (resonant frequency, fres; velocity, vel; and quality factor, Q) for detecting 

water stress in field-grown avocado leaves; and ii) to quantify their correlation with 

 
1 
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standard physiological indicators (LWP, stomatal conductance, gs; transpiration, Eleaf) to 

determine the most reliable non-invasive proxy among them. 

The experiment was conducted in a commercial avocado orchard located in Callosa d'en 

Sarrià (Alicante, Spain). Four-year-old trees (cv. ‘Hass’ grafted on ‘Duke 7’ rootstock) were 

irrigated using three lateral driplines with integrated emitters (1 L h-1, 0.50 m spacing). 

Two irrigation treatments were compared: well-watered control and drought-stressed 

trees exposed to five consecutive days without irrigation. Measurements were taken 

quasi-simultaneously, across treatments throughout a diurnal cycle, assuring data 

comparability despite the intensive measurement protocol. They were performed on 12 

July 2022, a heatwave day characterized by maximum air temperatures above 33 °C, 

midday vapour pressure deficit (VPD) exceeding 3.3 kPa, peak global radiation close to 

900 W m-2 and reference evapotranspiration of 5.96 mm day-1. Leaf water potential 

(LWP) was measured at predawn and at regular intervals throughout the day using a 

Schölander pressure chamber. Leaf gas exchange (gs, Eleaf) was assessed from morning 

to late afternoon using a portable porometer/fluorometer (LI600, LICOR). Continuous 

climatic data from an in-situ weather station (Vantage Pro2, Davis Instruments Corp.) 

were used to characterise environmental forcing during the measurement period. 

The ultrasonic portable setup comprises a wideband, high-sensitivity pair of 650 kHz 

piezoelectric transducers (designed and fabricated at ITEFI-CSIC, Spain) embedded in a 

U-shape holder to facilitate stable field measurements. A portable pulser/receiver 

(Ultrascope USB, Dasel Sistemas, Spain) was used for signal generation and digitization, 

all controlled by a Graphical User Interface (GUI) coded in Matlab (Mathworks, USA) 

(Álvarez-Arenas et al. 2016). The different ultrasonic parameters (Q, fres, vel) were 

directly extracted from the transmission coefficient spectra of the leaves measured right 

before the LWP applying the NC-RUS technique described in previous works (Álvarez- 

Arenas et al. 2009). 
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..Figure. Picture of the ultrasonic sensor during measurements acquisition in the experimental field; b) magnitude of the 
ultrasonic transmission coefficient spectra on different leaves under Fully Irrigated (FI) and Drought Stress (DS) 
treatments at different times throughout the day; c) correlation between ultrasonic parameters (Q, vel, fres) and Leaf 
Water Potential (LWP) taken on the same leaves during the experiment. 

Key results and physiological rationale. 

..The Q factor emerged as the most robust indicator, showing a strong predictive 

relationship with LWP (r2 = 0.79), and effectively differentiated between FI and DS 

treatments. We hypothesize that the better performance of Q over fres and vel in this 

study can be attributed to its distinct ecophysiological meaning: Q is inversely 

proportional to ultrasonic attenuation, which is highly modulated by cellular turgor and 

microstructural integrity (Álvarez-Arenas et al. 2018). As the leaf loses turgor and 

dehydrates, changes in intercellular air spaces and mesophyll elasticity significantly 

affect Q, while the quasi-isohydric behaviour of the leaves, note by the early closing 

stomata are preventing fres and vel to notice. In fact, this behaviour differs from previous 

results taken in laboratory conditions on non-isohydric species (Sancho-Knapik et al. 

2011; 2013). 

The complexity of avocado physiology was further highlighted by the LWP dynamics, 

where DS trees often maintained higher (less negative) LWP values than FI trees during 

the day, which is consistent with rapid stomatal control under high VPD. This observation 

points to the limitations of LWP as a standalone indicator, which in this particular study 

was complemented with photosynthetic measurements. 
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Conclusions and future work. 

7.These results confirm the potential of ultrasonic parameters as non-invasive, field-based 

monitoring indicators of leaf water status. In particular, the sensitivity of the Q factor 

positions it as a promising tool for developing practical, turgor-based precision irrigation 

methodologies or protocols. However, further fundamental ecophysiological research 

under controlled conditions must be conducted to fully understand this distinct 

behaviour in the ultrasonic parameters under near-isohydric species. 

Future challenges should focus on: i) validating the Q-LWP relationship across diverse 

environmental and phenological conditions to ensure robustness; and ii) developing 

multivariate models based on a deeper physiological-mechanical understanding that 

integrate the diverse ultrasonic parameters to create a more robust water stress index, 

paving the way for the reliable monitoring of plant water relations necessary to address 

current environmental challenges. 

Keywords: Air-Coupled Ultrasound (ACU), Leaf Water Potential (LWP), Turgor Pressure, 

Leaf Tissues, Isohydric Behaviour, Avocado 
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Abstract: 

Orange (Citrus sinensis L.) is a major fruit crop, and Spain ranks among the world’s leading 

producers and exporters. Within the country, Andalusia concentrates a large irrigated citrus- 

growing area, particularly in its western sector, where agriculture increasingly operates under 

tightening water allocation frameworks. Recurrent drought cycles and subsequent water 

restrictions in the Guadalquivir basin have increased growers’ uncertainty regarding how to 

manage season-long water deficits without compromising yield or fruit quality. This context 

makes citrus a priority crop for advancing precise, plant-based irrigation strategies capable of 

safeguarding productivity while enhancing water-use efficiency. 

With the aim of providing growers and technicians with reliable tools to support more informed 

regulated deficit irrigation (RDI) management, considerable efforts have been devoted to 

identifying crop water status indicators that are robust, sensitive, and scalable, thereby enabling 

decision-making under reduced uncertainty. In woody crops, stem water potential (Ψstem) is 

widely regarded as the gold-standard indicator for irrigation scheduling, yet its routine field use 

remains constrained by the labor-intensive and discontinuous nature of pressure chamber 

measurements. In this context, stem microtensiometers (FloraPulse, Davis, CA, USA) (FP in what 

follows) have recently emerged as promising sensors for the continuous, in situ monitoring of 

Ψstem. However, despite encouraging results in several fruit tree species, their performance in 

citrus remains largely undocumented, and manufacturer-based evidence is still limited and 

ambiguous. To our knowledge, no peer-reviewed field study has yet systematically evaluated 

their validity and operational robustness in commercial orange orchards. 

To address this knowledge gap, a field experiment was conducted during the 2025 growing 

season in a commercial orchard of mature orange trees (C. sinensis ‘Navelina’) located in La 

Rinconada (Seville, Western Andalusia, Spain). The orchard comprises approximately 50-year-old 

trees planted at 6 × 4 m spacing on a deep clay-loam soil and irrigated by two drip laterals per 

tree row equipped with 2.3 L h⁻¹ emitters spaced 0.75 m. Nine experimental units of 16 trees (4 

rows × 4 trees) were established following a randomized complete block design with three 

irrigation treatments and three replications: (i) Control (CTL), irrigated to meet 100% crop 

evapotranspiration (ETc) throughout the season; (ii) RDI-75 (RDC1), supplying 75% ETc during 

summer after the physiological fruit drop period in June; and (iii) RDI-45 (RDC2), supplying 45% 
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ETc over the same window. In one central, non-border tree per unit, a FloraPulse 7-mm stem 

microtensiometer was installed in the trunk according to the manufacturer’s protocol. Co- 

located sensors included a stem dendrometer (Bio Instruments S.R.L., Chisinau, Moldova) and a 

soil matric potential sensor (TEROS 21, METER Group, USA). Irrigation supply was measured with 

volumetric water counters installed in each treatment. In addition, midday Ψstem was also 

measured weekly using a pressure chamber on three bagged leaves per replicate (n = 9) to 

provide a discrete physiological reference dataset. 

Soil matric potential dynamics confirmed the successful imposition of contrasting water regimes 

across treatments. During the summer deficit period, RDC2 exhibited a pronounced drawdown 

to approximately −400 kPa, whereas RDC1 reached minimum values slightly below −100 kPa. In 

contrast, the CTL treatment maintained consistently high matric potentials (> −10 kPa), indicative 

of non-limiting soil water availability. These well-defined soil moisture gradients provided a 

robust framework to assess sensor sensitivity and plant hydraulic responses under progressively 

constrained water supply. 

Across all monitored trees (n = 9 sensors), stem microtensiometers operated continuously 

throughout the entire growing season, delivering physiologically coherent diurnal–nocturnal 

patterns characterized by nocturnal rehydration and pronounced daytime declines during 

periods of high evaporative demand. This stable and biologically plausible behavior, sustained 

over a full crop cycle, demonstrates a satisfactory functional adaptation of the microtensiometer 

technology to citrus, mitigating concerns raised by previously mixed anecdotal reports for this 

crop. Hourly Ψstem values recorded during the peak-radiation window (12:00–16:00) with the FP 

sensors exhibited statistically significant relationships (P < 0.05) with both reference 

evapotranspiration (ET₀) and vapor pressure deficit (VPD), with consistently stronger responses 

to VPD across all irrigation treatments. Importantly, Ψstem–VPD relationships effectively 

discriminated among the three irrigation regimes, with the divergence between fitted linear 

relations widening as atmospheric demand increased. This enhanced separation under high VPD 

conditions underscores the diagnostic value of continuous Ψstem monitoring precisely during 

periods of greatest agronomic relevance and hydraulic risk. 

Continuous Ψstem records were further cross-validated against (i) discrete midday Ψstem 

measurements obtained with the pressure chamber and (ii) maximum daily stem shrinkage 

(MDS) derived from dendrometric time series, a widely studied indicator of plant water status in 

woody species. Both comparisons yielded statistically significant relationships, albeit with the 

broad dispersion typically associated with plant-based hydraulic metrics due to biological 

heterogeneity and environmental variability. While the discrete pressure chamber dataset was 

necessarily limited in size, dendrometric comparisons benefited from high-frequency sampling, 

offering a more comprehensive assessment among these water status indicators. Together, these 

results support the physiological validity and operational robustness of microtensiometer- 

derived Ψstem in orange and highlight the value of multi-sensor integration for reinforcing 

irrigation decision-support. Ongoing work will quantify multi-seasonal performance and refine 

phenophase-specific operational thresholds for RDI management in orange trees. 
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Abstract: (about 2.000 words maximum) 

Introduction 

The stable isotope signatures of carbon (C) and nitrogen (N) (expressed as a composition, δ13C 

and δ15N values) in plant organic matter have been proposed as indirect methods for assessing 

the photosynthetic, transpiration and N uptake/translocation performance of crops. Under 

water stress conditions, a relative enrichment of leaf δ13C usually occurs due to the 

downregulation of stomatal conductance. Similarly, it is reported that changes in δ15N values 

reflect the source(s) of N used by the plant along with effects of environmental conditions on N 

metabolism, including N transport and fractionation. Despite the potential value of using these 

isotopes analysis for assessing the crop performance in alfalfa (Medicago sativa L.), including its 

photosynthetic gas exchange and symbiotic activity, there are still few studies focused on the 

combined use of stable C and N isotopes in their natural abundance to assess the performance 

of alfalfa to water restriction. One of the reasons is the relatively high cost for their 

determination and their destructive nature method, especially at large fields where numerous 

plants must be screened. Spectroscopy techniques have become in one of the most common 

methodologies to rapidly generate indirect estimations for several compounds. Compared to 

chemical analysis, these techniques are easy-to-use, fast, non-destructive, and highly repeatable, 

which facilitate the screening of several plants and allow the analysis of multiple compounds 

with only one measure. The main objective of this study was to estimate the 𝜹13C and 𝜹15N as 

potential indicators for rapid evaluation of responses to water stress in six cultivars of alfalfa 

using a hyperspectral device in situ. 
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Materials and methods 

The field trials were carried out at the experimental field of Public University of Navarre, located 

in Pamplona, Spain (42º 47’ 35.62’’ N, 1º 37’ 46.16’’ W) during 2021 season. The accumulated 

precipitation during the growing period was of 225 mm. Six cultivars of alfalfa were used: ‘San 

Isidro’ (fall dormancy – FD = 7), ‘Aragon’ (FD = 8), ‘Magna 608’ (Magna; FD = 6), ‘Secret of desert’ 

(SOD; FD = 10), ‘SW10’ (FD = 10) and ‘WH9598’ (FD = 9). Sowing was carried out on March 2nd of 

2021, with a seeding rate of 40 kg ha-1 in plots of 2 m2 (2 m by long and 1 m wide). Two water 

regimes were imposed: irrigated treatment, which supplies the necessary water through 

sprinklers; and rainfed treatment that depend completely on the precipitations. Canopy spectra 

reflectance (350 – 2500 nm) were collected using a portable spectroradiometer (ASD FieldSpec 

4, Analytical Spectral Devices, Inc., Boulder, CO) at each plot prior to destructive sampling. The 

reflectance of ten canopy spectra was captured at 90° with respect to the ground and 

approximately 0.8 m above the canopy, with a pistol grip coupled to an optical fibre. Then, dried 

and ground samples of aerial part of the plants were used to determine the 13C and 15N stables 

isotopes composition (δ13C and δ15N, respectively) by using an elemental analyser coupled to an 

isotope ratio mass spectrometer. After taken subsamples for the parameters mentioned before, 

a total harvest was performed for quantifying the total biomass after dry the material in an oven 

at 60°C for 48 h. The canopy reflectance was analysed using the original data (untransformed or 

raw spectra) and after transformations. The building, validation and comparison of models were 

conducted with R Studio using caret, ranger and pls packages. Finally, three models were applied 

for modelling: least absolute shrinkage and selection operator (LASSO), partial least square 

regression (PLS) and random forest (RF). The root-mean-square error (RMSE) and normalized 

RMSE (nRMSE = RMSE / mean) were calculated to evaluate the accuracy of the model. The 

squared Pearson correlation coefficient (R2) was calculated to obtain an estimate of the 

proportion of variance explained by the model. 

 
Results and discussion 

The total precipitation occurred in 2021 during the crop season (224.6 mm) was not enough for 

achieving the necessities of the crop, which implies that irrigation (additional 498.53 mm) was a 

critical factor in the differences observed in alfalfa growth and development, and consequently 

in biomass production. According to ANOVA, the water regime and cultivars had a significant 

effect on biomass. At rainfed condition, biomass was reduced for all cultivars assessed, although 

the largest reduction was detected in ‘San Isidro’ (-68.9%) and ‘SOD’ (-58.9%) cultivars. In 

contrast, ‘WH9598’ and ‘Aragon’ cultivars exhibited the lowest reductions in biomass with -36% 

and -37.6%, respectively. Under rainfed conditions, ‘Magna’ cultivar showed the highest 

biomass, although it was only significative when compared with biomass of ‘San Isidro’. 

Regarding the δ13C at rainfed conditions, these values tended to be higher than irrigated for all 

cultivars, although the ‘WH9598’ cultivar presented δ13C values significantly lower compared 

with ‘San Isidro’, ‘Aragon’ and ‘SW10’. Similarly, the δ15N values tended to be higher at rainfed 

conditions compared to irrigated, except for ‘WH9598’ and ‘Magna’ cultivars in which no 



 

differences were found with their irrigated treatment. According to this, in the six cultivars of 

alfalfa assessed, water restrictions during the growing season induced apparently some stomatal 

closure and decreased of transpiration rates, as shown by the increase in δ13C. The 𝜹15N on N2- 

fixing plants under good water levels usually are similar to those atmospheric N2 (often assumed 

to be ca. 0 ‰), as found in the current study. However, under limited water conditions, the 𝜹15N 

tend to increase as we observed in the plants at rainfed treatment. This could suggests that 

under water stress the symbiotic fixation is reduced, and therefore the plant is more dependent 

of N available in the soil. 

The sample distribution for the training set was similar to the test set considering the standard 

deviation, range, and coefficients of variation (CV) for each isotope. The CV exceeded 10% for 

δ15N for training set showing the largest CV (c.a. 15%). In contrast, CV values less than 5% were 

observed for δ13C in training and testing sets. Predictive ability of the models was high for δ13C, 

with a R2 of 0.73 and RMSE of 0.46 ‰ (nRMSE = 0.016) in the testing set. These results were 

obtained by using the pre-treatments of standard normal variate (SNV) and first derivate (1D) 

applied to the absorbance data before training the LASSO model, which yielded the best results. 

Few studies have model 𝜹13C in alfalfa from reflectance measurements in-field. In this crop, 

Garriga et al. (2020) estimated the 𝜹13C and found R2, close to found in this study, ranged 

between 0.51 and 0.70 although with higher RMSE (between 0.85 – 1.03 ‰). For δ15N, the R2 

was lower than δ13C, although the model still explains the 47% of variation in δ15N and with a 

RMSE of 0.45 ‰ (nRMSE = 0.085) for the test set. In this case, the RF model yielded the best 

performance by using 1D in absorbance data as predictors. Some studies reported models with 

higher predictive ability with R2 = 0.95, but other studies reported similar R2 than this study with 

R2 ranging from 0.34 to 0.73. The intermediate ability for estimating 𝜹15N observed in this study, 

could be attributed to potential covariations of 𝜹15N with other leaf chemical or structural 

properties likely occurred in reflectance measurements performed directly from the plant 

canopy. 

In addition, important wavelengths for both isotopes’ estimations were found in the red-edge 

region of the spectrum, around 640-800 nm, and NIR region at 1100-1200 nm. These bands 

correspond to spectral signatures closely related to photosynthetic capacity and indicators of 

chlorophyll content, that are sensitive to stress periods. Further significant bands were identified 

as important in the short-wave infrared (SWIR) region at 2200 nm only for δ13C, but not for δ15N. 

Similarly, the visible region, around 500 nm, was identified as important for δ15N, but these were 

not found for δ13C. These bands correspond to maximum chlorophyll absorption, where 

different authors have reported strong correlation with 𝜹15N. Also, the NIR region has been 

related to N-H bond absorption features. 

Conclusions 

The results found in this study reinforce the utility of spectroscopy methods for quantifying key 

parameters that could be useful as indicators of plant status under different environmental 



 

conditions across different alfalfa cultivars, such as the isotopes described in this work. Although 

δ13C was successfully estimated with high accuracy; the δ15N estimations obtained were 

intermediate. It suggests that models must be continuously improved in relation to their 

reliability and robustness by adding more spatio-temporal samples. 

Keywords: alfalfa, hyperspectral, models, water stress 
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Abstract: (about 2.000 words maximum) 

INTRODUCTION 

Leaf water potential (Ψleaf) is the premier physiological measure of plant water stress in 

plant science, ecohydrology, and agronomy, quantifying both water status and the 

driving force for water movement. Despite a longstanding interest in developing sensors 

capable of continuously monitoring leaf water potential, robust and non-destructive 

devices remain scarce. Existing sensors, such as leaf psychrometers, often damage 

tissues over time, limiting their use to short measurement periods, and can be complex 

to install and prone to errors due to temperature changes if not correctly isolated. High- 

resolution cameras deployed to image plant dimensions, also known as “optical 

dendrometers” or “dendrocams” (i.e., cavicams operated in dendrometry mode), have 

been used in recent years to estimate Ψleaf and also stem (Ψstem) by converting tissue- 

width measurements of leaf or stem with an organ‑specific linear calibration. These 

calibrations are typically derived from concurrent measurements using optical 

dendrometers during a dry-down of Ψleaf or Ψstem obtained with a pressure chamber or 

a thermocouple psychrometer on different leaves or stems (Bourbia et al. 2022; Bourbia 

and Brodribb, 2023). This relationship between width variations and Ψleaf or Ψstem has 

been reported to be strong and linear because, in non-growing tissues, width changes 

are proportional to water status changes. Yet, the range of water potentials over which 
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linearity applies has not been tested, and, overall, this application has lacked a 

comprehensive mechanistic framework that would enable robust prediction of water 

potential without requiring new calibrations each time the sensors are installed. A 

mechanistic approach to convert the dendrocam signal into water potential, one in 

which the parameters have physiological meaning, would improve their reliability and 

broaden its applicability. 

Thus, our objective was to develop and validate a standard, mechanistic approach to 

calibrate dendrocams, as non-invasive tools for continuous estimation of leaf water 

potential (Ψleaf). Our approach was based on three hypotheses: 

(i) a relative metric obtained from dendrocams (A/Amax, defined as petiole area 

normalized by its maximum value at a water potential of zero) can serve as a proxy for 

relative water content (RWC); and thus, (ii) pressure-volume curves (PV curves) can be 

constructed using A/Amax as a proxy value of RWC for bench-drying branches along with 

parallel  Ψleaf   measurements  for  neighbouring  equilibrated  leaves;  and 

(iii) PV-derived parameters using dendrocams, together with A/Amax values, can be used 

to continuously predict Ψleaf. 

We selected two species with contrasting physiological behavior with important 

economic value: avocado (Persea americana) and a muscadine grapevine variety (Vitis 

rotundifolia). 

METHODS 

Experiments were conducted using excised branches that were fully rehydrated 

overnight and then subjected to controlled bench-drying. On each branch, two intact 

leaves were monitored for petiole projected area using dendrocams, assuming changes 

in this area and its water relation parameters are proportional to the leaf. Additional 

leaves on the same branch were excised at different dehydration stages for reference 

measurements of Ψleaf with a Scholander-type pressure chamber. To ensure equilibration 

of the water potential of every leaf, branches were enclosed in black plastic bags with 

moist paper for at least 30 minutes before each pressure chamber measurement. 

This procedure was applied to 13 grapevine branches and 9 avocado branches, with 5 

branches per species not used for calibration but dedicated to validation calculations. 

Parallel standard PV curves were generated for leaves using a bench-drying standard 

protocol (Sack et al. 2010), RWC being determined gravimetrically through repeated 



 

weighing of the same leaf during dehydration together with Ψleaf with Scholander 

pressure chamber. 

PV curves obtained using dendrocams and the standard method were analyzed following 

Sack et al. (2010) to obtain turgor loss point (ΨTLP), osmotic potential at full turgor (πFT), 

and RWC at turgor loss point (RWCTLP). 

Finally, using PV parameters derived from the dendrometer-based approach and 

following the mechanistic model of Browne et al. (2020), we tested the ability to predict 

Ψleaf continuously from A/Amax values against fitting a simple linear model. 

To statistically compare the PV parameters obtained using the two methods (ΨTLP, πFT, 
and RWCTLP), Student’s t-tests for independent samples were applied. 

RESULTS AND DISCUSSION 

Comparisons of PV curves calculated using the new sensor-based method and the 

traditional RWC method showed strong agreement. The lack of significant differences 

between the two methods for most PV parameters across species confirms that both 

methods yield comparable and consistent estimates of PV curve characteristics. In 

grapevine, no statistical significant differences (p>0.05) were detected for any PV 

parameter between both approaches. In avocado, ΨTLP and πFT also showed no 

significant differences, though RWCTLP was higher when calculated with the dendrocams 

(96%) than with the traditional method (85%), potentially reflecting greater anatomical 

heterogeneity in avocado between leaf and petiole tissues as PV curves with 

dendrocams were installed on petioles but the standard method used the bulk leaf 

(petiole+lamina). However, as RWCTLP is the least commonly used parameter for 

interspecific comparisons, this discrepancy would not limit practical applications. 

The agreement in ΨTLP is particularly relevant, as this parameter is widely used to 

compare drought tolerance across species (Bartlett et al. 2012). This indicates that 

dendrocam-derived PV curves reliably capture key aspects of leaf water relations. As 

expected, the more negative ΨTLP observed in avocado (-2.25 and -2.00 MPa using the 

PV curves with dendrocams and traditional method, respectively) compared with 

grapevine (-1.75 MPa and -1.70 MPa) aligns with its greater physiological tolerance to 

water stress. 

Moreover, using PV parameters obtained from dendrocam-based curves, we successfully 

predicted Ψleaf from A/Amax values. Model validation demonstrated strong predictive 

performance for both species, with slopes close to or above 0.9, low intercepts (0.171 



 

and 0.048 in grapevine and avocado, respectively), R² values above 0.85 (all p < 0.001), 

and moderate error values (RMSE= 0.257 MPa/0.394 MPa and NRMSE=0.141/0.098, for 

grapevine and avocado, respectively). This mechanistic model improves the prediction 

relative to a simple linear model A/Amax- Ψleaf which showed weaker predictive capacity: 

R² values below 0.8 for both species, shallower slopes (0.50 and 0.86 for grapevine and 

avocado, respectively), higher intercepts (minimum 0.46 in avocado), and larger errors 

(RMSE = 0.390 MPa and 0.647 MPa for grapevine and avocado, respectively). This 

reduced performance of the linear model is consistent with the nonlinearity of the 

A/Amax–Ψleaf relationship found for the two species studied, particularly at very high 

water potentials and below each species TLP. 

These results confirm that Ψleaf can be estimated using mechanistically calibrated 

dendrocams. Importantly, the method is valid in two different species with contrasting 

drought sensitivities. 

CONCLUSIONS 

Our results further validate dendrocams as a promising technology for continuous, non- 

invasive estimation of leaf water potential. Moreover, the close agreement between PV 

parameters obtained with this method and those derived from a standard method 

suggests that a mechanistic use of these sensors is feasible. This approach represents a 

significant methodological advance as, once PV parameters are determined for a given 

species, recalibration might not be necessary upon subsequent sensor installations. 

However, additional work is required to fully validate and extend this approach. Future 

studies should evaluate potential hysteresis effects by rehydrating branches after 

dehydration cycles, assess whether sensor performance remains consistent when 

installed on leaf lamina instead of petioles, and further refine the mechanistic 

framework to ensure broad applicability across species and environmental conditions. 

The use of optical dendrometers has the potential to reduce measurement time of water 

potential and PV curves while increasing precision due to their ability to collect 

high-frequency data which could contribute to advance physiological measurements. In 

the long-term, it could also facilitate earlier detection of drought stress, allowing farmers 

to precise irrigation management before yield or fruit quality are compromised. 
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Abstract: (about 2.000 words maximum) 

Introduction: 

Plant transpiration (Et) accounts 60-80% of terrestrial evaporation (E), exerting a strong 

influence on climate feedback and land–atmosphere coupling (Vicente-Serrano et al., 

2022). Et is an unavoidable consequence of carbon uptake and a dominant component 

of the terrestrial water cycle, with major implications for ecosystem energy balance, crop 

productivity, and irrigation demand (Berry et al., 2010; Schlesinger & Jasechko, 2014). 

Under well-watered conditions, maximum canopy transpiration typically occurs when 

the stomatal aperture is not constrained by the hydraulic limitations imposed by drying 

soil or reduced soil–plant conductance (Bourbia et al., 2022). Despite its importance, 

quantifying transpiration dynamics at a high temporal resolution under field conditions 

remains technically challenging. Established methods, such as sap flow and lysimetry, 

provide valuable estimates of whole-plant water use, but are often limited by constraints 

on deployment, scaling, or suitability across plant functional types and organ sizes (Kool 

et al., 2014; Skelton et al., 2013). 

Plant water status is commonly described using stem water potential (Ψstem), integrating 

the combined effects of soil water availability, hydraulic conductance, and atmospheric 

evaporative demand (Martínez-Vilalta et al., 2014; Meinzer et al., 2016). Maintaining 

hydraulic function requires a tight coordination between water transport through the 

soil–plant continuum and stomatal regulation, particularly under fluctuating vapour 

pressure deficit (VPD) and variable soil moisture conditions (Brodribb & McAdam, 2017; 

Buckley, 2005). Excessive declines in Ψstem increase xylem tension and elevate the risk of 

hydraulic dysfunction through cavitation and embolism, which have been causally linked 
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to tissue damage and plant mortality during drought (Choat et al., 2018; McDowell et 

al., 2022). Consequently, the degree to which stomata regulate Ψstem is considered a key 

functional trait underlying species differences in water use strategies and drought 

tolerance (Gleason et al., 2016; Meinzer et al., 2016). 

Recent studies have identified optical dendrometry as a promising non-invasive 

approach for tracking plant water status based on the close relationship between diurnal 

fluctuations in organ width and changes in tissue hydration driven by transpiration and 

refilling dynamics (De Swaef et al., 2015; Garnier & Berger, 1986). Advances in optical 

dendrometry have substantially improved measurement precision, enabling the 

detection of sub-micrometric changes in organ width without physical contact or tissue 

damage (Bourbia et al., 2022, 2023). 

Under non-limiting soil water conditions, several studies have suggested that the 

hydraulic conductance of the soil–plant pathway can remain relatively constant during 

the daytime, allowing variations in Ψstem to be interpreted primarily as a response to 

changes in transpirational demand (Rodriguez-Dominguez & Brodribb, 2020; 

Whitehead, 1998). Recent studies have demonstrated that optical dendrometers can be 

used to infer whole-plant transpiration and stomatal behavior by tracking Ψstem dynamics 

in relation to the VPD (Bourbia et al., 2022, 2023). However, the validity of this approach 

under field conditions depends on the stability of hydraulic conductance, the 

contribution of internal plant water storage in buffering transient fluctuations in stem 

water potential, and the interaction between atmospheric demand and soil water 

availability (Meinzer et al., 2003; Novick et al., 2016). 

While dendrometric approaches have been successfully applied in herbaceous species 

and under controlled or short-term field conditions, their comparative application in 

woody crops with contrasting hydraulic architectures remains relatively unexplored. Tree 

crops such as Prunus dulcis, Vitis vinifera, and Olea europaea differ markedly in xylem 

anatomy, stomatal sensitivity to VPD, and adaptation to Mediterranean climates, making 

them ideal systems to test the robustness and generality of optical dendrometry for 

monitoring plant water status (Blaya-Ros et al., 2024; Brodribb & Jordan, 2008; 

Rodriguez-Dominguez & Brodribb, 2020). 

In this study, we employed optical dendrometers to continuously monitor micrometric 

variations in organ width as a proxy for Ψstem in three woody species subjected to 

progressive water stress and subsequent recovery. High-frequency dendrometric 

measurements were combined with environmental monitoring of air temperature and 

humidity to derive VPD, as well as independent measurements of leaf stomatal 



 

conductance. This study aimed to evaluate the potential of optical dendrometry as a 

non-invasive tool for characterizing plant water status and stomatal regulation in woody 

crops exposed to naturally varying water availability. 

Materials and Methods 

Continuous measurements of plant water status were obtained using optical 

dendrometers designed to detect micrometric variations in organ width associated with 

changes in the water potential (Ψstem) (Bourbia et al., 2023; Bourbia & Brodribb, 2023). 

Sensors were deployed on the petioles of Prunus dulcis and Vitis vinifera, and on 

branchlets (<3 mm diameter) of Olea europaea. Each dendrometer consisted of a rigid 

3D-printed clamp housing a Hastings triplet achromatic lens (≈30× magnification), an 8- 

megapixel CMOS camera (Raspberry Pi Camera Module v2), and a ring of white light- 

emitting diodes (LEDs) providing constant back-illumination. The optical assembly was 

connected to a Raspberry Pi microcomputer programmed to acquire images 

automatically at 15-minute intervals and store them in a lossless format. The imaging 

system was enclosed within a weather-sealed casing to prevent moisture and dust 

intrusion during outdoor deployment. Dendrometers were installed on mature, non- 

growing tissues to ensure that the recorded dimensional changes reflected only 

reversible elastic shrinkage and swelling driven by fluctuations in the water potential. 

The clamp pressure was carefully minimized to avoid mechanical deformation, and the 

contact surfaces were lined with soft, non-absorbent pads to prevent slippage and 

maintain a stable focus throughout the measurement period. During image acquisition, 

the organs were backlit so that the petiole or branchlet appeared as a dark silhouette 

against a bright background. Image analysis was automated using grey-level threshold 

segmentation (Otsu, 1979) to isolate the foreground region corresponding to the 

measured organ. For each image, the number of dark pixels across a fixed vertical 

transect represented the instantaneous tissue width. The resulting time series of width 

was processed to detect sub-micrometric variations in diameter, typically corresponding 

to short-term changes in Ψstem (Bourbia et al., 2023; Bourbia & Brodribb, 2023). 

Optical width variations were empirically calibrated against direct measurements of 

stem water potential obtained using a Scholander-type pressure chamber (PMS 

Instruments, Corvallis, OR, USA). At multiple water statuses across the experimental 

period, adjacent leaves or shoots near each dendrometer were enclosed 30 minutes 

before measurements in moist foil to equilibrate leaf-steam water potentials (Tomasella 

et al., 2023). A linear regression between the optical width extracted from the 

dendrometric record and Ψstem was calculated. This approach is conceptually related to 



 

classical diameter-based water status indicators such as maximum daily trunk shrinkage 

(MDS), which is widely used as a proxy for tree water status in woody crops (Blaya-Ros 

et al., 2024). 

In addition, leaf stomatal conductance (gs) was periodically measured using a LI-600 

Porometer/Fluorometer (LI-COR Biosciences, Lincoln, NE, USA) on fully expanded, sun- 

exposed leaves to validate diurnal plant water status and verify the temporal coherence 

between hydraulic and stomatal dynamics (Guimarães et al., 2024). The instrument was 

allowed to stabilise until steady-state conductance (<3% variation over 2–3 min) before 

each recording. 

Temperature and relative humidity were continuously monitored near the canopy, 

allowing the calculation of vapour pressure deficit (VPD) from air temperature and 

humidity according to the formulation of Buck (1981). These variables were used to 

interpret dendrometric fluctuations in the context of plant hydraulic regulation and 

evaporative demand. 

Results: 

Continuous measurements of tissue diameter fluctuations revealed distinct hydraulic 

adjustment strategies among the species studied. Olive exhibited the largest diurnal 

amplitude, indicative of high tissue elasticity and greater tolerance to cavitation. In 

contrast, grapevine showed the smallest amplitude, reflecting tighter stomatal 

regulation and stronger control over transpiration. Almond displayed intermediate 

behaviour, combining moderate stomatal control with partial hydraulic flexibility. 

Stomatal sensitivity and hydraulic coordination were further characterised through 

logistic relationships between stomatal conductance (gs) and stem water potential 

(Ψstem) across olive, almond, and grapevine. Olive maintained the highest maximum 

stomatal conductance (gs max) and the most negative water potential corresponding to a 

50% loss of hydraulic conductivity (Ψ50), which is consistent with an anisohydric strategy. 

This species maintains leaf gas exchange under low water potentials and prioritises 

carbon assimilation over hydraulic control. Grapevine exhibited the most sensitive 

stomatal response, with early stomatal closure as Ψstem declined, indicating an isohydric 

and conservative water-use strategy. Almond combines a relatively low gs max with a low 

Ψ50, highlighting a safety-oriented hydraulic design that balances transpiration control 

with the avoidance of hydraulic failure. 

The strong temporal alignment between optical dendrometry signals and leaf gas 

exchange dynamics highlights the potential of dendrometric data to infer hydraulic 



 

thresholds in field conditions. In this context, olive displayed the largest variation in stem 

water potential and a pronounced anisohydric behaviour. Almond showed a tight 

coupling between stomatal regulation and hydraulic tension, whereas grapevine 

exhibited the fastest recovery following stress release. 

Overall, these results demonstrate that optical dendrometry using Cavicams is a 

sensitive and precise tool for monitoring plant water status. Optical dendrometric 

measurements provide a non-invasive proxy for estimating key hydraulic traits, such as 

Ψ50, offering a practical and continuous approach for the in situ assessment of hydraulic 

vulnerability. 

This work was supported by the Project PID2021--123305OB-C32 funded by MICIU/AEI 

/10.13039/501100011033 and by ERDF, EU 
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recovery 
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Abstract: (about 2.000 words maximum) 

The measurement of plant water potential is usually carried out using the Scholander 

pressure chamber. Although some systems are field portable and simple to use, less 

destructive and the ability to continuously monitor water potential in plants in-situ is 

now possible with ICT International’s Stem and Leaf Psychrometer. This presentation 

describes this device used successfully in many trees and crop plants. It will highlight 

strategies for successful installation in the lab and in the field. These strategies rely on 

achieving vapor equilibrium and mitigating thermal gradients. A summary of its 

application in various plant species is also provided. The presentation will also provide 

insights into continuous plant water potential measurements derived from the stem 

and leaf psychrometer and its importance in understanding plant hydraulics, 

ecophysiology and plant responses to drought and environmental stress. 
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Abstract: Climate change is expected to severely constrain agricultural productivity. We 

investigated the combined effects of elevated CO₂, high temperature, and drought on 

peach plants (cv. Catherina) grafted onto two Prunus rootstocks (GF677 and Adesoto). 

Plants were exposed to different CO₂ concentrations, temperature regimes, and water 

availability, and physiological, metabolic, hormonal, and molecular responses were 

analyzed. Elevated CO₂ enhanced photosynthesis, amino acid synthesis, and growth in 

GF677-grafted plants, whereas Adesoto showed photosynthetic acclimation. High 

temperature and drought triggered distinct, rootstock-dependent stress responses 

involving hormonal signaling, antioxidant defenses, and gene expression. Although 

elevated CO₂ partially mitigated drought effects, potential limitations in nitrogen uptake 

were detected. Overall, the interaction of climate-related stresses differentially affected 

peach performance depending on the rootstock, potentially compromising productivity 

under future climate scenarios. 

Keywords: Prunus rootstocks, Elevated CO2, Warming, Drought, WUEph, Amino acids, 

Hormonal regulation. 
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Abstract: (about 2.000 words maximum) 

 
Climate change is dramatically increasing the frequency, duration, and intensity of extreme 
heat events worldwide, posing a severe threat to agricultural systems and perennial crops 
such as grapevine (Vitis vinifera L.). In Mediterranean viticultural regions, heat waves 

frequently co-occur with drought, generating compound stresses that profoundly alter 

plant physiology, metabolism, and molecular regulation. While grapevine rootstocks are 
widely used to enhance drought tolerance by modulating water uptake, hydraulic 

conductance, and hormonal signaling, their effectiveness under extreme thermal 
conditions remains poorly understood. In particular, it is unclear whether rootstock-
mediated advantages persist during heat waves or whether high temperature acts as a 

dominant driver capable of overriding genotype-dependent responses. Addressing this 
knowledge gap is critical for reassessing viticultural adaptation strategies under future 

climate scenarios. 

This study investigated the integrative physiological, hormonal, metabolic, and molecular 
responses of grapevine during a naturally occurring heat wave under field conditions. The 

experiment was conducted in a commercial vineyard in Aldeanueva de Ebro (La Rioja, 
Spain), a region of high socio-economic relevance for wine production, during July 2022—

one of the hottest months of one of the warmest years on record. Vines of Vitis vinifera 
cv. Tempranillo were grafted onto two contrasting rootstocks: 1103P, classified as 
drought-tolerant, and 161-49C, considered drought-susceptible. Plants were subjected to 

two long-term water regimes maintained over consecutive growing seasons: irrigated 
(40% of potential evapotranspiration) and unirrigated (drought). Measurements were 
conducted over three consecutive days coinciding with 
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a severe heat wave, during which maximum air temperatures approached 40 °C and 

minimum temperatures remained above 20-25 °C. 

To capture the dynamic nature of grapevine responses under extreme conditions, a diurnal 

approach was adopted. Leaf gas exchange parameters—including net photosynthesis (AN), 

stomatal conductance (gs), transpiration (E), and intrinsic water use efficiency (iWUE)—
along with leaf water potential (Ψleaf), were measured at five times throughout the day (7 
a.m., 10 a.m., 1 p.m., 4 p.m., and 7 p.m.). In parallel, leaf samples were collected at four 

times (10 a.m., 1 p.m., 4 p.m., and 7 p.m.) to quantify abscisic acid (ABA), carbohydrate 
concentrations (sucrose and hexoses), and the expression of key aquaporin genes (PIP1;1, 
PIP1;2, PIP2;3, TIP1;1, and TIP2;1). Multivariate analyses, including principal component 
analysis (PCA), Spearman correlation matrices, and interaction networks, were used to 

integrate physiological, biochemical, and molecular datasets. 

Extreme heat strongly intensified the effects of water deficit on grapevine physiology. 

Across all sampling days and times, irrigated vines maintained significantly higher AN and 

gs than drought-stressed vines, confirming the dominant role of water availability in 

regulating gas exchange. However, under heat-wave conditions, even irrigated plants 
experienced marked declines in photosynthesis and stomatal conductance during the 
warmest hours of the day. The diurnal window of physiological activity was clearly 

advanced and shortened: peak AN and gs occurred early in the morning (7-10 a.m.), 

followed by a rapid decline as temperatures exceeded typical midday values by late 
morning. This shift contrasts with classical diurnal patterns reported under moderate 

summer conditions and highlights the strong suppressive effect of extreme temperature 
on carbon assimilation. 

Leaf water potential exhibited strong sensitivity to both water regime and temperature. 
Irrigated plants showed less negative Ψleaf during the early hours of the day, whereas 
drought-stressed plants reached more negative values, particularly at midday. Notably, 
during the hottest day of the heat wave, differences in Ψleaf between irrigation treatments 
diminished in the afternoon, indicating that extreme evaporative demand constrained 
plant water status regardless of soil water availability. Intrinsic water use efficiency 
displayed complex diurnal and treatment-dependent patterns, reflecting the decoupling 
between carbon assimilation and stomatal regulation under combined heat and drought 
stress. 

 
ABA emerged as a central integrator of drought and heat responses. Leaf ABA 
concentrations were consistently higher in drought-stressed plants, reinforcing stomatal 

closure and contributing to reduced AN and gs. However, during peak heat conditions, ABA 
dynamics were disrupted, with atypical accumulation patterns observed even in irrigated 

plants during early morning hours. Principal component analysis confirmed that 



 

ABA was the only variable consistently associated with drought across all datasets, 

underscoring its dominant regulatory role under compound stress. In contrast, 
carbohydrates showed more variable responses. Sucrose concentrations were generally 
higher in irrigated vines, while drought reduced sugar accumulation, reflecting the strong 

limitation imposed by reduced photosynthesis. Hexoses were less sensitive to treatment, 

but their association with physiological variables indicated a close coupling with active 
carbon metabolism during early, cooler periods of the day. 

At the molecular level, aquaporin expression exhibited pronounced diurnal regulation and 

strong sensitivity to both water status and temperature. All analyzed aquaporins were 

generally upregulated during early morning hours, coinciding with higher AN, gs, and Ψleaf. 

As temperatures increased, expression declined sharply, particularly for plasma 
membrane intrinsic proteins (PIPs), which play a key role in transmembrane water 

transport. Under drought and extreme heat, PIP isoforms were strongly repressed, 
suggesting a coordinated downregulation of leaf hydraulic conductivity. In contrast, 

tonoplast intrinsic proteins (TIPs) displayed distinct behavior, with expression patterns 
increasingly associated with high temperature, ABA accumulation, and late-day sampling 
times. This divergence points to functional specialization, whereby PIPs support hydraulic 

efficiency under favorable conditions, while TIPs may contribute to vacuolar homeostasis 
and oxidative stress mitigation under severe stress. 

A key finding of this study is that extreme heat largely neutralized rootstock-dependent 
differences observed under milder conditions. Rootstock effects on physiological 

parameters were limited, transient, and mostly restricted to the earliest sampling day, 

when temperatures were relatively lower. Multivariate analyses revealed no consistent 

clustering of samples by rootstock, indicating that temperature and water availability 
overwhelmingly dominated plant responses. Similarly, rootstock-specific differences in 
aquaporin expression, previously reported under moderate conditions, were largely 
absent during the heat wave. Only during the mildest day and early morning hours did the 

drought-tolerant rootstock 1103P show higher aquaporin expression compared to 161-

49C. As temperatures rose, these genotype-dependent patterns collapsed, suggesting that 
extreme heat disrupts the regulatory networks through which rootstocks exert their 
influence. 

Correlation and network analyses further demonstrated a reorganization of trait 

integration under extreme conditions. Two major clusters consistently emerged: one 

associated with high physiological activity (AN, gs, Ψleaf, hexoses, and PIP aquaporins), and 
another linked to stress indicators (temperature, ABA, sucrose, and TIP aquaporins). 

Importantly, the strength and direction of correlations shifted depending on water regime, 
indicating that heat stress alters the coordination among physiological, hormonal, and 
molecular processes. Under drought, negative correlations between temperature and 
gas exchange  were strengthened, while  associations between 



 

aquaporins and hydraulic variables were weakened, reflecting a fragmentation of the 

stress-response network. 

Overall, this study demonstrates that heat waves act as a dominant driver of grapevine 
performance, capable of overriding both drought- and rootstock-mediated differences. 
Extreme temperatures not only exacerbate water stress effects but also fundamentally 
reorganize diurnal physiological patterns and molecular regulation, particularly aquaporin 

expression. These findings carry important implications for viticulture under climate 

change. While rootstocks remain a valuable adaptation tool under moderate drought, their 
effectiveness may be substantially reduced during extreme heat events. Future adaptation 

strategies must therefore move beyond traditional paradigms and explicitly consider heat-

driven hydraulic vulnerability and molecular plasticity. Understanding and enhancing 
grapevine resilience under compound heat and drought stress will be essential for 

sustaining viticulture in an increasingly warmer and more variable climate. 

Keywords: Heat waves, Drought stress, Grapevine rootstocks, Aquaporins, Diurnal 

regulation 
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Abstract: (about 2.000 words maximum) 

Introduction 

Doñana National Park (SW Spain) hosts one of Europe’s most sensitive groundwater 

dependent ecosystems. Over recent decades, increasing drought frequency and the 

overexploitation of the Almonte–Marismas aquifer have contributed to a progressive 

decline in water availability, threatening key vegetation communities. Notably, Pinus 

pinea forests have shown signs of widespread growth reduction and localized mortality. 

Understanding how groundwater depletion interacts with climate variability to shape 

tree growth trajectories is essential for assessing ecosystem vulnerability and informing 

conservation and water management decisions. 

Objectives 

This study aims to (1) quantify long term radial growth trends of Pinus pinea across a 

gradient of groundwater impact; (2) evaluate the relative influence of climate and 

phreatic depth on annual tree growth; and (3) identify thresholds of groundwater 

availability associated with growth suppression and increased physiological stress. 

Methods 

Three study areas were selected inside and outside the Doñana Biological Reserve, 

representing contrasting groundwater conditions. Within each area, two sites were 

sampled along a gradient of proximity to groundwater extraction cones. In each plot, 

twelve mature P. pinea trees were cored, obtaining two increment cores per individual. 

Tree‑ring series were prepared, cross‑dated, and standardized to remove ontogenetic 
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trends. Early‑warning indicators of forest decline were calculated for each population. 

Growth chronologies were related to monthly climate variables and annual 

groundwater depth variation using correlation analyses and combined response 

surfaces to evaluate both individual and interactive effects of climate and phreatic level 

on radial growth. 

Results 

Tree ring analyses revealed a pronounced decline in growth across most sites over the 

last 15 years. The strongest reductions occurred in areas where groundwater levels 

were relatively shallow until a sharp deepening of the water table during the past 

decade. In contrast, sites with consistently shallow and stable groundwater levels 

showed steady growth patterns with no evidence of long‑term decline. Growth- 

environment relationships showed that in dry, warm years, tree growth depended 

mostly on groundwater depth, with strong declines when the water table dropped 

below approximately 4 m. Conversely, in cooler and wetter years, trees maintained 

higher growth even with deeper phreatic levels, likely due to increased soil moisture in 

upper soil layers. 

Conclusions 

The results highlight how the interaction between climatic conditions and access to 

groundwater shapes the growth dynamics of P. pinea in Doñana. In dry Mediterranean 

regions, vegetation growth and survival depend critically on water availability, whether 

supplied by precipitation or sustained through groundwater reserves. In Doñana, the 

combined effects of sustained aquifer decline and increasing atmospheric drought have 

triggered severe growth suppression across large sectors of the park. These findings 

provide robust ecohydrological evidence that groundwater depletion is a critical factor 

in the ongoing forest decline and highlight the urgent need for groundwater recovery 

measures to preserve Doñana’s groundwater-dependent ecosystems. 

Keywords: (about 6 words) 
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Abstract: 

 
Grapevine adapts to water stress through complex hydraulic and growth adjustments, 

with its recovery capacity being a key component of drought tolerance. Recurrent 

drought can induce an acquired “water stress memory” (priming), altering a genotype’s 

response to future stress. Additionally, each genotype has a specific water use regulation 

response under drought, and it is still unclear whether this regulation results from innate 

genotypic behavior (iso- and anisohydric), or is a response to environmental factors, 

namely recurrent water stress priming effects. In the present work, we investigated 

whether drought responses in grapevine progenies are more shaped by genetic 

background or environmental history. Cuttings were harvested from commercial 

vineyard in winter 2021, from two cultivars subjected to full irrigation (FI) and non- 
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irrigation (NI) treatments for 5 consecutive years. Primed (NI) and non-primed (FI) 

progenies of two varieties: Trincadeira (isohydric) and Castelão (anisohydric), were 

exposed to well-watered (WW) and water stress (WS) conditions, followed by recovery. 

Over two weeks, we monitored plant water status, canopy growth, biomass, 

transpiration, hydraulic conductance, leaf gas-exchange, stomatal conductance kinetics, 

chlorophyll and wax content, and leaf temperature. Our results showed that water stress 

increased root area only in FI progenies, whereas in NI progenies fine root proliferation 

was more linked to past stress than to immediate water stress. Drought memory shifted 

NI plants towards a less conservative water-use strategy, with reduced water-use 

efficiency, higher stomatal conductance, and increased transpiration. In Trincadeira, 

priming enhanced circadian stomatal control, maximizing daytime opening and 

nighttime closure, while in Castelão it increased stomatal sensitivity to vapor pressure 

deficit. Leaf temperature differences between genetic backgrounds emerged earlier 

than stomatal conductance changes. Photosynthesis decline under WS was greater in FI 

than NI progenies, and primed plants recovered faster, indicating a compensatory 

recovery effect. Our results demonstrate transgenerational drought memory in 

grapevine and show that primed plants function closer to their hydraulic limits, with 

looser stomatal regulation and higher daytime water use, traits that may enhance 

vulnerability under prolonged drought. 

 

 
Keywords: Hydraulic conductance, Stomatal conductance, Thermal imaging, Transpiration 
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Abstract: (about 2.000 words maximum) 

Spanish forests constitute ca. 37% of the national territory and play a key role in several 

ecosystem services such as climate regulation, water filtration, and soil stabilization, 

among others. Holm oak woodlands represent the most extensive forest formation 

nationally, currently covering 15% of the national forest area. Beyond its geographical 

dominance, Quercus ilex dominated stands are also relevant as providers of acorns, 

timber and mycorrhizal fungi. Besides its ability to adjust the vegetative period to 

changing climatic conditions, holm oak woodlands have shown alarming signs of decline, 

with an increasing trend of defoliation and mortality episodes across the country over 

the last four decades. The main two drivers of this decline are the abandonment of 

traditional forest management together with climate change. The absence of forest 

management results in holm oak stands with high densities of slow-growing individuals 

competing intensely for water and nutrients, which, at the same time, increases the 

forest vulnerability to droughts and heatwaves. 

In this context, there is an urgent need to identify strategies that safeguard the health 

and stability of these forests. Evidence indicates that selective thinning is a silvicultural 

practice that enhances the resilience of these systems by promoting holm oak growth 
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and reducing resource competition. However, to date, no study has directly quantified 

the effect of this practice on the water balance at the ecosystem scale. To address this 

gap, in 2023 two eddy covariance flux measurement stations were established in holm 

oak stands with and without thinning in the Gúdar-Javalambre region (Teruel). This 

unique research infrastructure in Europe has enabled the collection of direct and 

continuous measurements of net ecosystem-atmosphere exchanges of CO₂, water vapor, 

and energy in these forest stands for nearly three years. 

In this work, we aim to evaluate the joint effects of thinning and climate variability on 

the water balance (WB) and water use efficiency (WUE) of continental holm oak 

woodlands over two hydrological years with contrasting climate. The first hydrological 

year (2023-2024) was much drier than the subsequent one (2024-2025), with SPEI12 

values ranging from -2 to more than 2, respectively. Soil water potential measured at 

35cm soil depth also showed clear differences between years, with minimum daily 

values reaching -4 and -1.8 kPa for each hydrological year. Preliminary results suggest 

that thinning subtly decreased the water loss via evapotranspiration (ET) regardless of 

the hydrological year, yielding to higher WB, defined as the difference between 

precipitation (P, mm) and ET (mm), compared to the unthinned site. In contrast, 

ecosystem-scale WUE, defined as the ratio between annual Gross Primary Productivity 

(GPP, g C m-2) and ET (mm), was higher in the unthinned site for both years. When 

focusing on the inter-annual change, in both sites we found lower WUE under the severe 

drought in 2023-2024, as compared to the recovery period in 2024-2025. Nevertheless, 

the two treatments differed in the magnitude of response: the thinned site showed a 

greater increase in WUE during the recovery year compared to the unthinned site. 

Overall, these results suggest that climate, and more specifically precipitation regime, 

can strongly influence the impact of forest management on plant water relations at stand 

scale. 

Keywords: forest management, eddy covariance, evapotranspiration, climate change 
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Abstract: (about 2.000 words maximum) 

In the current context of water scarcity in agriculture, exacerbated by climate change, 

the reuse of saline water in the production of ornamental plants and/or for revegetation 

represents a key strategy for improving the sustainability of nurseries, although its 

viability depends on the specific tolerance of each species. This study addresses the need 

to diversify the catalog of species adapted to water scarcity and salinity, contributing to 

a more resilient horticulture in the face of climate change. This work evaluated the 

viability of irrigation with reclaimed and brackish water in salinity-resistant plants. To this 

end, the effect of different types of water, such as reclaimed water and brine at different 

salinity levels, was studied on the physiological and nutritional response, development, 

and ornamental quality of two species from the same family (Plumbago auriculata and 

Limonium sinuatum) under greenhouse conditions. The objectives were: 1) to obtain 

information on the adaptation mechanisms developed by these species; 2) to evaluate 

whether the nutrients supplied by this type of water can improve plant development 

and quality, and 3) to establish a salinity threshold at which plants can develop optimally. 

The experiment was conducted at the municipal wastewater treatment plant (WWTP) of 

Roldán-Lo Ferro-Balsicas (Murcia). Plumbago auriculata (n=42) and Limonium sinuatum 

(n=48) seedlings were used in the study and transplanted into the soil on March 13, 

2025, inside a greenhouse. The experimental plot consisted of 6 rows, with a planting 

design of 7 Plumbago plants and 8 Limonium plants per row. Drip irrigation system was 

used with a flow rate of 3 L h−1 per dripper. The applied water volume, which depended 

on climatic conditions and plant development, was controlled with TEROS 12 probes that 

continuously measured soil moisture, temperature, and EC. Twenty-four days after 
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transplanting, the following irrigation treatments were applied to each species: 1) 

Treated wastewater (TW) as a control (EC: 1.4–1.5 dS m−1), obtained by subjecting 

wastewater to several secondary treatments at the WWTP; 2) Mixed water (MW), which 

was a mixture of treated wastewater and brine, with an approximate EC of 4.5 dS m−1; 

3) Reverse osmosis brine (B), which was a residual water from the secondary treatment 

process, with an EC of 7–8 dS m−1. Two rows of each species were randomly assigned to 

each irrigation treatment. Throughout the experiment, 3 measurement points were 

taken, spaced approximately one month apart: April 16 (month 1), May 12 (month 2), 

and June 11 (month 3). The following measurements were carried out: leaf water 

potential (Ψleaf), saturated osmotic potential (Ψ100s), leaf stomatal conductance (gs) and 

effective quantum yield of photosystem II (phi PSII). At the end of the experiment, the 

relative water content (RWC) in leaves, growth parameters (fresh and dry biomass of the 

shoot and root parts), plant quality indicators (number of flower clusters per plant, 

percentage of flowering plants and leaf relative chlorophyll content (RCC)) as well as the 

leaf mineral content, were also measured. The results showed a clear difference in 

salinity tolerance between both species. In Limonium sinuatum, leaf water potential did 

not show significant differences between treatments, indicating a good capacity to 

maintain its water status even under saline irrigation. Although the relative water 

content decreased slightly with salinity, the values remained high, suggesting adequate 

tissue hydration. Furthermore, this species exhibited a clear osmotic adjustment, 

reflected in the decrease in saturated osmotic potential, demonstrating the 

accumulation of osmolytes as an adaptation mechanism to salinity. These physiological 

mechanisms allowed the maintenance of stomatal conductance, photosynthetic 

efficiency and chlorophyll content without significant alterations. In contrast, Plumbago 

auriculata showed a reduction in leaf water potential in the saline treatments from the 

beginning of the experiment, indicating salinity-induced water stress. This stress resulted 

in more pronounced stomatal regulation at the end of the experiment, with decreases 

in stomatal conductance under the most saline treatment. Furthermore, plants irrigated 

with brine showed a significant reduction in the quantum yield of photosystem II and 

relative chlorophyll content, suggesting lower photosynthetic efficiency without any 

active accumulation of solutes to maintain leaf turgor, and reflected by symptoms of leaf 

chlorosis. Regarding growth and plant quality indicators, Limonium sinuatum showed an 

increase in aerial biomass when irrigated with the mixed water, and a neutral response 

when irrigated with brine, without compromising flowering. Root development was also 

promoted as the salinity of the irrigation water increased. However, Plumbago 

significantly reduced its aerial biomass and reproductive capacity under brine irrigation, 



 

with a marked decrease in the number of flowering plants and clusters per plant. On the 

other hand, mineral analysis confirmed that Limonium was able to regulate the ionic 

balance, limiting sodium accumulation and maintaining adequate levels of essential 

nutrients. In Plumbago, the greater accumulation of sodium, chlorine, and boron, along 

with the reduction of calcium and magnesium, indicated a greater ionic imbalance. In 

summary, irrigation with the mixed water at 4.5 dS m⁻¹ and brine at 7–8 dS m⁻¹ would be 

viable for Limonium sinuatum, especially under mixed irrigation, as the salt and nutrient 

levels provided by the water improved biomass growth and maintained the plant's 

ornamental quality. On the other hand, only irrigation with the mixed water would be 

viable for Plumbago auriculata, since the salinity and nutrient levels of these waters had 

little negative impact on plant growth and quality. In conclusion, the non-conventional 

waters used in this experiment could be an alternative to irrigation with conventional 

waters, in the case of Limonium sinuatum up to 8 dS m-1 and in the case of Plumbago 

auriculata up to 4.5 dS m-1, whether for ornamental purposes, revegetation or soil 

conservation. 

Keywords: Plumbago auriculata; Limonium sinuatum; NaCl; gas exchange; growth; 

plant quality. 
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Abstract: (about 2.000 words maximum) 

Introduction 

The cultivation of grapevines is currently facing significant challenges due to climate 

change. Given that grapevines are perennial crops, an adaptation strategy by changing 

varieties presents considerable difficulties (Van Leeuwen et al., 2019). 

Cover cropping presents a multitude of advantages that can enhance both productivity 

and sustainability. First, cover crops enhances the soil’s composition through the 

increase of organic material and the promotion of soil aggregation (Steenwerth and 

Belina, 2008), improving water infiltration and retention. Furthermore, this cropping 

system aids in the prevention of soil erosion by providing a protective ground cover 

against wind and water damage. Second, they can contribute to reproductive growth 

management (Muscas et al., 2017). Third, green cover can contribute significantly to 

nutrient cycling, with legumes, for example, being able to fix atmospheric nitrogen (N) 

(Abad et al., 2021b) while having some effect on inhibiting pests (Abad et al., 2021a). 

Fourth, cover crops foster beneficial soil microorganisms, heightening soil fertility and 

plant well-being (Baumgartner et al., 2005) while reducing pest appearance (Rosa et al., 

2022). Nevertheless, while green cover crops provide numerous advantages for 

vineyards, they also pose potential limitations, specifically, concerns about competition 
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for water resources -specially in Mediterranean areas. Despite these challenges, there is 

a general agreement that incorporating green cover in perennial crops elevates overall 

sustainability, resulting in more robust agricultural systems and healthier ecosystems. 

Root-associated microorganisms significantly enhance plant drought resilience through 

various mechanisms, such as the synthesis of osmolytes and exopolysaccharides that 

improve soil water retention (Schmidt et al., 2024). Surprisingly, integrative approaches 

using different techniques for capturing drought impact on vineyards with crop cover are 

rarely found in the literature. 

Materials and methods 

Grapevine cuttings (Vitis vinifera L.) of the tempranillo variety were procured from a 

certified nursery (Viveros Vitis, Navarra, Spain) and cultivated in a controlled greenhouse 

setting. The green cover was a mixture of ryegrass and T. repens at a ratio of 1:1 vol:vol. 

The study was conducted using a randomized complete block design with two 

treatments: well-watered control (field capacity; W) versus moderate drought (50% of 

field capacity; D) and green crop cover (C) versus bare soil (NC). 

Photosynthetic rates were measured using a portable photosynthesis system (LI-6400XT, 

LI-COR Biosciences, Lincoln, NE, USA). The gas exchange variation of the entire vineyard– 

soil system was evaluated using a custom-made gas exchange open system. The 

extraction of primary metabolites was conducted following the protocol outlined by 

Lisec et al. (2006). Hormone quantification was carried out using a high-performance 

liquid chromatography–electrospray ionization–high-resolution mass spectrometry 

(HPLC–ESI–HRMS) system. Total RNA was extracted from leaf tissues using the RNeasy 

Plant Mini Kit. Soil samples were collected from the root zone of each plant, sieved to 

remove debris, and stored at −80°C for microbiome analysis. 

Results 

Physiological and gas exchange responses 

The findings suggest that the use of crop cover does not have a statistically significant 

impact on the accumulation of biomass in both stems and leaves. Thus, the imposition 

of water stress leads to a notable decrease in the allocation of biomass to stems when 

grown in bare soil, while it is not significant for crop cover (p = 0.07). As expected, the 

water restriction treatment leads the gs in these leaves to be limited. Furthermore, there 

was a reduction in the fully expanded leaf Amax compared to the control conditions 

under both types of soil cover treatments. Additionally, it was also observed that leaf 

Amax exhibited notably higher values in vineyards grown in bare soil compared to those 

utilizing cover crops. 

https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2025.1543171/full#B38


 

 

Figure 1. Biomass parameters in vineyard in contrasting crop cover management and 
edaphic water regime in (A) steam dry weight (DW) and (B) leaf (D); (C) Maximum 
photosynthesis (Amax) and (D) stomatal conductance (gs). The meaning of the symbols 
can be found in Jáuregui (et al., 2025). 

 

 
When evaluating the complete soil-plant consortium, pots with cover crops 

demonstrated greater total carbon accumulation in well-watered environments, 

attributed to their widespread coverage and enhanced photosynthetic surface area. 

However, evapotranspiration notably reduced under well-watered conditions, reaching 

its highest point for WC. The response of vineyard leaves δ13C to limited water conditions 

was observed to be both robust and consistent in our study. An intriguing finding of our 

study was that vineyards in bare soil exhibited greater discrimination against δ13C, yet 

no distinctions were observed among them. 
 



 

Figure 2. Whole pot gas exchange and δ13C. Data represent the slope of (A) carbon gain 
and (B) transpiration for 120 seconds selected into the linear phase. In panel (C), data 
represent δ13C. The meaning of the symbols can be found in Jáuregui (et al., 2025). 

Leaf -omic analysis 

The findings indicate that the leaf transcriptome experiences considerable changes as a 

result of the treatments. Enrichment analysis based on EuKaryotic Orthologous Groups 

(KOG) offers phylogenetic classification and orthologous information for proteins, 

helping to unveil key biological pathways. In the CW_vs_CD comparison, the analysis 

revealed profound impacts (>50% frequency) in carbohydrate transport and metabolism, 

posttranscriptional modifications, cell cycle control, general functions, defense, cell 

wall/membrane/envelope biogenesis, and signal transduction. Cover cropping was 

shown to promote the expression of defense-related pathways, while vineyards devoid 

of cover crops exhibited minimal transcriptional responses. 

The primary metabolite profiling revealed significant variations across the four different 

treatments. The findings clearly demonstrate that the presence of cover crops plays a 

pivotal role in promoting the accumulation of various leaf sugars including fructose, 

glucose, xylose, galactinol, trehalose, fucose, sucrose, raffinose, rhamnose, and 

isomaltose. Additionally, under drought conditions, the accumulation of several sugars 

and polyols (i.e., fructose, galactinol, myo-inositol, isomaltose, raffinose, and xylose) was 

notably higher compared to irrigated plants in covered plants. 

Concerning the hormone levels, IAA exhibited a significantly lower concentration in NCD 

compared to CD. ABA demonstrated the most substantial variations among the 

treatments. Initially, as anticipated, it is notably elevated in CD relative to CW and 

reaches its peak in CD compared to NCD. Moreover, unexpectedly, the hormone 

associated with drought stress displayed no significant differences in bare soil across the 

water treatments and was found to be higher in CW than in its counterpart in bare soil. 

Soil microbiome analysis 

Specifically, rhizospheric soil from vineyards clustered separately from non-vineyard 

soils, and the combination of crop cover with well-watered conditions yielded more 

uniform communities. Notably, drought induced more unique microbial profiles in bare 

rhizospheric soil, whereas well-watered conditions resulted in similar communities 

regardless of cover. 

RDA revealed that environmental factors explained 23.74% of the bacterial community 

variation. Burkholderiales and Rhizobiales showed positive associations with vineyard 



 

presence and water content, while Tistrellales (and Gaiellales) were negatively 

correlated with vineyards and positively associated with crop cover. 

Regarding fungal populations, the presence of vegetative cover significantly influences 

the properties of rhizospheric soil to a greater extent than bacterial populations. 

Rhizoctonia, known to affect plant development and disease risk through its interactions 

with other microbes (Whipps, 2001), showed a strong correlation with rhizospheric soil 

of vineyards experiencing drought when crop cover is present. In conjunction, 

Dactylonectria supports vineyard soils during drought conditions but is found in lower 

quantities in well-irrigated environments, indicating a specialization for drought 

resilience, which could be linked to overall plant vitality (Longone et al., 1996). 

Discussion 

According to previous studies, yield variations related to cover cropping show significant 

variability, with research showing reductions under water-limited conditions (Ruiz- 

Colmenero et al., 2011; Wang et al., 2021), whereas neutral beneficial effects are noted 

in regions with adequate water conditions (Abad et al., 2021b). Our experiment 

represents a significant milestone because crop cover mitigated drought stress effects 

faster than anticipated in the bibliography, as seen in our 3-month experiment (i.e., a 

lack of significant reduction in stem biomass was observed in covered plants; p-value 

<0.072). Therefore, this finding indicates that contrary to our hypothesis, crop cover 

indeed exerts a beneficial effect on vineyards under drought. Our research indicates that 

the use of cover crops can provide quick advantages in alleviating drought stress— 

benefits that were previously thought to develop gradually over time. 

The modest decline in gs observed in CC under drought likely represents an optimal 

trade-off between conserving water and facilitating CO2 uptake. These swift reactions 

imply that, in areas experiencing more frequent and severe droughts due to climate 

change, cover crops could act as an effective, short-term adaptive measure to enhance 

water retention and soil quality. For effective vineyard management, our results strongly 

encourage further testing under actual field conditions to validate our promising 

findings: particularly in rain-fed Mediterranean environments, CC can bolster soil 

moisture retention and infiltration, thus enhancing the vineyard’s ability to withstand 

water-limiting conditions in the early stage. 

Our results clearly indicate that drought influences resource distribution. Under drought, 

we found that the transcription of photosynthesis and carbon metabolism pathways is 

notably downregulated, which correlates with the observed declines in leaf-level 

photosynthetic rates. Furthermore, our data indicated a notable build-up of sugars and 

sugar alcohols in both covered and non-covered plants under drought, such as fructose, 



 

glycerol, and raffinose, which function as osmolytes, preserving cellular integrity and 

ensuring osmotic equilibrium to cope with water stress (Zandalinas et al., 2022). 

Changes in tryptophan metabolism have been linked to ABA biosynthesis (Yoshida and 

Fernie, 2024), in addition to being an auxin precursor. In agreement with these 

observations, the levels of IAA and ABA were higher in covered vs. non-covered plants 

under drought. Plant hormone signaling and fatty acid elongation pathways, which may 

prove beneficial in aiding the plant’s resilience in the face of water limitations with crop 

cover, were upregulated. The metabolomic data from leaves corroborate these 

transcriptional changes. 

Detecting specific taxa is essential, as ecosystem resilience to drought can be influenced 

by particular microbial taxa (Metze et al., 2023). In our case, some identified potential 

candidates may explain the overall vineyard fitness. First, Tistrellales and Gaiellales, the 

orders that contribute to organic N recycling (Renaud-Martins et al., 2023), exhibit 

substantial correlations with crop cover under control, indicating potential benefits for 

the health of vineyards. Conversely, Gemmatimonadales, although not classified as 

plant-associated microorganisms, contribute to soil nutrient recycling ecosystems (Du et 

al., 2024) and may therefore also be vital for the responsiveness of vineyards in these 

conditions. 

Regarding the fungal populations, the presence of vegetative cover significantly 

influences the properties of rhizospheric soil to a greater extent than bacterial 

populations, results that are in line with many others (Lehman et al., 2012; Muturi et al., 

2024). Thus, the abundance of the fungal community under crop cover may create a 

more stable ecosystem, which could foster more reliable microbial interactions and 

enhance drought resistance. 

Summarizing, our research demonstrates previously unobserved plant–plant 

interactions in which crop cover initiates a systematic adaptation process in vineyards, 

which boosts vineyards resilience to soil water stress by promoting metabolite 

accumulation and alterations in gene expression. 

Conclusions 

Our research indicates that implementing cover crops provides surprising short-term 

advantages for enhancing drought resilience for vineyards. The study indicated that 

despite leaf-level photosynthetic measurements, there was an increase in overall 

evapotranspiration during drought conditions when cover crops were utilized, yet it 

unexpectedly sustained carbon accumulation in vineyards. Metabolomics revealed 

elevated levels of osmolytes and stress-related metabolites (including sugars, sugar 

alcohols, and amino acids) in vineyards with cover crops, suggesting a priming effect of 



 

the crop cover in vineyard. Transcriptomic demonstrates a comprehensive molecular 

adjustment to drought in vineyards with crop cover. 

An analysis of the microbial community showed that the presence of crop cover had a 

more significant effect on community composition than drought. Certain taxa exhibited 

responses that depended on the treatment, with Tistrellales and Gaiellales being 

associated with crop cover under optimal conditions, while Rhizoctonia displayed a 

strong link to rhizospheric soil under drought conditions when crop cover was present. 

To the best of our knowledge, this is the first time that results collectively illustrate that 

cover cropping can improve cash crop resilience against drought stress through intricate 

interactions among plants, soil, and microbes, providing benefits from the outset. 
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Abstract. We report an irrigation experiment conducted in 2025 in a super-high-density 

olive orchard. Irrigation volumes applied at each irrigation event were derived from 

simulated stomatal conductance (gs) values and leaf area. We applied the stomatal 

conductance model of Diaz-Espejo et al. (2012) to identify the minimum gs required to 

achieve maximum yield. The relationship between net photosynthesis and stomatal 

conductance for olive was used as a proxy for the relationship between yield and 

transpiration. This approach enabled irrigation scheduling that avoided non-productive 

gs levels, resulting in approximately 30 % water savings without significant effects on 

crop physiology or agronomic performance. The approach will be tested again in 2026 

to further validate its robustness. 

 
Keywords: deficit irrigation, water productivity, olive tree physiology, semiarid 

agriculture 

 
Introduction 

Prolonged dry periods and increasing water scarcity driven by climate change, 

together with growing competition among water users, are promoting the adoption of 

deficit irrigation strategies in many crops. Although deficit irrigation may slightly reduce 

yields, it can enhance both water productivity and economic returns (Fernández et al., 

2020). 

Irrigation scheduling can be based on meteorological data, soil water 

measurements, or plant-based indicators of water stress. Plant-based variables such as 

sap flow, trunk diameter variation, and leaf turgor pressure have been widely used to 

derive stress indicators and to guide irrigation scheduling (Cuevas et al., 2010; Padilla- 

Díaz et al., 2016, 2018). Among these indicators, stomatal conductance (gₛ) is considered 

one of the most reliable. Although it was previously difficult to measure continuously, 

recent advances allow its monitoring from sap flow measurements (Hernandez-Santana 

et al., 2016, 2019) or its estimation using models (Rodriguez-Dominguez et al., 2016). 
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The objective of this study is to apply a novel deficit irrigation approach based on 

irrigating until the minimum gₛ value required to achieve maximum yield is reached. This 

target gₛ value was estimated using the stomatal conductance model proposed by Diaz- 

Espejo et al. (2012). 

 
Material and Methods 

The experiment was conducted in 2025 at the La Hampa experimental farm (23 

km west of Seville; 37.28303, −6.06877) in an ‘Arbequina’ olive orchard planted with 8- 

year-old trees at a spacing of 4 m × 1.5 m (1667 trees ha⁻¹). Two irrigation treatments 

were applied: full irrigation (FI), based on the method proposed by Allen and Pereira 

(2009) and modified by Muñoz-Santisteban et al. (2025); and deficit irrigation (DI), based 

on the stomatal conductance model proposed by Diaz-Espejo et al. (2012). According to 

this model, stomatal conductance (gs) is described as a function of air vapor pressure 

deficit, minimum average radiation, and tree leaf area. 

Three replicates per treatment were established in a randomized block design. 

Each replicate consisted of a plot containing five tree rows with 24 trees per row. The 

irrigation system comprised one lateral line per tree row, located close to the trunk, with 

2 L h⁻¹ drippers spaced every 0.5 m. Irrigation doses were applied using an Agronic 2000 

irrigation controller (Sistemes Electrònics PROGRÉS). Throughout the irrigation season, 

irrigation doses were calculated every Monday for the following week. For the FI 

treatment, key meteorological variables were measured throughout the season using 

the La Hampa Campbell weather station, whereas for the DI treatment meteorological 

data were obtained from the external web service Open-Meteo. Volumetric soil water 

content (θv) was measured every 7–10 days. Leaf area (LA), crop height and width, and 

ground cover were measured monthly during the irrigation season. On the same dates, 

midday leaf water potential (Ψmid), maximum daily stomatal conductance (gs,max), and 

maximum daily net photosynthesis (AN,max) were measured. Fruit yield was recorded at 

harvest on October 22 and 23. Further details on meteorological data and field 

measurements are provided by Muñoz-Santisteban et al. (2025). 

Differences between treatments were tested using linear mixed-effects models 

for repeated measures, implemented with the lmerTest (Kuznetsova et al., 2017) and 

emmeans (Lenth, 2023) packages in R software (R Core Team, 2024). 



 

Results 

Figure 1 presents the time course of the 

grass reference evapotranspiration (ETo) 

derived from the FAO 56 Penman- 

Monteith equation. 

The cumulative ETo and precipitation 

(Fig. 2) during the irrigation season were 

1028.1 mm and 32 mm, respectively, 

while the total annual values for 2025 

reached 1430.5 mm and 603.4 mm, 

respectively. The ETo values are 

consistent with those recorded in the 

study area over the 2014–2025 period 

(average: 1466.7 mm). In contrast, total 

precipitation in 2025 exceeded the long- 

term average for the area (497.7 mm). 

 
The irrigation amounts (IA) applied 

under both irrigation treatments and 

the precipitation recorded at La 

Hampa during the 2025 season are 

shown in Fig. 2. At the beginning of 

the season, IA values were generally 

more similar for both treatments, 

whereas larger differences which 

remained over time emerged after 

DOY 200. On DOY 243 and 244, the FI 

treatment was not irrigated due to an 

electrical failure in the irrigation 

system. 

 
Total IA amounted to 5736.2 m³ ha⁻¹ and 4034.7 m³ ha⁻¹ for the FI and DI 

treatments, respectively, representing a 29.7% reduction in irrigation water applied 

under DI compared with FI. 



 

 

 

Leaf area values are presented in 

Fig. 4. No significant differences 

were detected among treatments. 

However, the DI treatment 

generally showed lower values 

throughout the irrigation season 

compared with FI treatment. 

 
Likewise, no significant differences 

were observed between 

treatments for hedge height, hedge 

width, shoot length, or number of 

internodes (data not shown), 

indicating similar vegetative 

growth under both treatments. 

Despite the lower irrigation amounts applied 

under the DI treatment, the values of the 

physiological variables recorded did not differ 

significantly between treatments, as shown in 

Fig. 3. A consistent trend toward lower 

stomatal conductance, photosynthesis, and 

leaf water potential was observed under the 

DI treatment (12.4 %, 7.5 %, and 5.5 % lower, 

respectively). Midday leaf water potential 

(Ψmid) values under the FI treatment dropped 

below −2.0 MPa in July and August, a 

threshold indicative of mild to moderate 

water stress in olive trees. In contrast, the DI 

treatment generally exhibited Ψmid values 

below this threshold. This agrees with the 

decreasing gs and AN values in that period. 
 

 

 
Fruit yield results were 16209.7 ± 2845.2 kg ha-1 for the FI treatment and 14195.8 

± 3003.5 kg ha-1 for the DI treatment. Oil yield results were 852.8 ± 236.6 kg ha-1 and 

872.4 ± 152.1 kg ha-1 for FI and DI treatment, respectively. The differences between 

treatments were not significant. 



 

Discussion 

As explained in the Results section, the performance of both treatments was 

similar despite the lower irrigation amounts (IA) applied under the DI treatment. Likely, 

the lower values of Ψmid, AN,max, and gs,max recorded in the DI trees at the end of the 

irrigation season (Fig.3), were due to the progressive depletion of available soil water 

under this treatment. Indeed, our results showed that at the end of the irrigation season 

average θv values reached 26.1 % under the FI treatment and 18.5 % under the DI 

treatment. In accordance with these results, it is not surprising that a reduction in both 

leaf area (Fig. 4) and fruit yield was also observed under the DI treatment. But no 

significant differences between treatments were detected for any of the variables 

considered, indicating that the impact of the lower IA supplied under DI was negligible. 

Our findings are consistent with previous results reported by Hernandez-Santana 

et al. (2017). They showed that plant water stress induced by a regulated deficit irrigation 

strategy in a super-high-density olive orchard with similar characteristics led to 

reductions in stomatal conductance, which in turn resulted in lower photosynthetic 

rates. As in our study, significant differences among treatments were not always 

observed. Moreover, their results showed a strong association between fruit yield and 

total leaf area, with reductions in yield largely driven by decreases in leaf area. Related 

to oil yield, in our case, it was higher under the DI treatment, as oil extractability was 

improved. As reported by several authors, there is an inverse relationship between fruit 

water content and oil extractability in olive trees (Gómez-del-Campo, 2013; Grattan et 

al., 2006). 

 
Conclusions 

We conclude that the deficit irrigation strategy based on maintaining a target 

stomatal conductance, as estimated using the model proposed by Diaz-Espejo et al. 

(2012), can achieve water savings of approximately 30 % without compromising crop 

performance. Therefore, this approach appears promising for irrigation scheduling in 

commercial super-high-density olive orchards. Experiments will continue this year to 

further evaluate the effectiveness of this strategy. 
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Abstract 

Tree density in Quercus suber L. (cork oak) woodlands has been steadily declining in 

recent decades, driven by rising tree mortality and critically low regeneration rates. 

These shifts are altering stand structure across Mediterranean cork oak landscapes and 

encouraging the incorporation of more drought-resilient species, such as Pinus pinea L. 

(stone pine), valued both for pine-nut production and as a protective overstory to 

facilitate oak regeneration. As species composition changes, understanding how 

interspecific interactions influence hydraulic functioning and water acquisition becomes 

essential for predicting woodland resilience under increasing aridity. 

We investigated the ecological interactions between cork oak and stone pine in a 

Mediterranean woodland where Q. suber remains the dominant species. Specifically, we 

assessed whether increasing P. pinea density alters water-use strategies, hydraulic 

properties, and access to water sources in Q. suber, and whether these interactions 

reflect competition or facilitation. By analysing water sources and hydraulic conductivity 

along a gradient of pine dominance, we provide insight into how species coexistence 

shapes drought resilience in mixed Mediterranean woodlands. 
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The study was conducted in a semi-arid open woodland in Central Portugal (Herdade da 

Abegoaria, Canha; 38°44ʹ35ʺN, 8°31ʹ57ʺW), approximately 70 km east of Lisbon. Three 

plots were selected along a dominance gradient: a Quercus suber-dominated plot 

(Qs_D), a codominant Q. suber × Pinus pinea plot (QsxPp), and a P. pinea-dominated plot 

(Pp_D). Water sources for transpiration were determined using δ¹⁸O signatures of twig 

xylem and soil water after cryodistillation. Leaf water potentials (Ψ, MPa) were 

measured with a Scholander-type pressure chamber (PMS1000) at predawn (Ψpd) and 

midday (Ψmd). Hydraulic conductance (Kh, kg s⁻¹ MPa⁻¹) was measured with a 

high-precision flow meter on stem segments and converted to specific (KS) and leaf-

specific (KL) hydraulic conductivity (kg s⁻¹ m-1 MPa⁻¹). Measurements were taken on fully 

developed sun-exposed leaves (Ψ) or current-year shoots (δ¹⁸O, Kh) of both species, 

sampled from the south facing crown, to ensure consistency and comparability across 

plots. 

Soil moisture distribution was assessed using Electrical Resistivity Tomography (ERT). A 

long-profile ERT survey with the length (~160 m, 2.5 m spacing) imaged the soil–bedrock 

continuum to >20 m depth, while a short-profile survey (~16 m, 0.5 m spacing) targeted 

shallow root-zone structure. Resistivity sections were interpreted in relation to root 

zone, soil texture, and expected moisture distributions. 

Exploratory ERT results revealed pronounced vertical and lateral resistivity contrasts. The 

long-profile survey indicated a resistive upper layer overlying a more conductive zone at 

depth, suggesting groundwater occurrence at depths below ~10 m across the study area. 

Heterogeneity in the upper layer (resistive zone) likely reflects the combined effects of 

micro topography, soil texture, root distribution and subsurface drainage patterns. 

δ¹⁸O results showed that in the Qs_D plot, Q. suber trees were using soil water as the 

primary source for transpiration. In the codominant plot, P. pinea used a mixture of soil 

water and groundwater, whereas Q. suber relied mainly on groundwater, indicating 

greater shallow-soil extraction capacity in P. pinea, compared to Q. suber. Under strong 

pine P dominance, both species depended primarily on groundwater, suggesting 

intensified below-ground competition. Combined δ¹⁸O and ERT results indicate that both 

Q. suber and P. pinea rely on groundwater as deep as 10m for their survival and 

transpiration needs during the peak of the dry Mediterranean period. 

Despite shifts in water sources, leaf water potentials did not differ significantly across 

plots. Hydraulically, P. pinea maintained similar KL and KS values across plots, showing 

little sensitivity to the presence of Q. suber. In contrast, Q. suber showed a marked 

increase in hydraulic conductivity with rising P. pinea dominance: shoot KS increased by 



 

~30% in the QsxPp plot (p = 0.0007) and ~43% in the Pp_D plot (p = 0.0004) compared 

to the Qs_D plot. These increases in KL and KS under competitive conditions indicate 

hydraulic adjustment in Q. suber, enhancing transport efficiency to maintain 

transpiration when surface soil moisture is limiting but deeper water remains accessible 

to roots. 

Overall, our results show strong interspecific competition for water in mixed mature 

stands (>110 trees ha⁻¹), primarily exerted by P. pinea on Q. suber. Nevertheless, Q. suber 

exhibits hydraulic plasticity that partially offsets competitive pressure. 

These findings highlight the need for careful stand-density management to ensure 

species coexistence and maintain ecosystem functioning under future drought 

intensification. Further studies should test additional densities and spatial arrangements 

under field conditions. 

 
 

 
Keywords: Quercus suber, Pinus pinea, Tree water use, Oxygen isotope ratios, Electrical 

resistivity tomography, Stand-density management 
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Abstract: 

 
Efficient irrigation water use is essential to ensure the sustainability of agricultural 

systems. This need is even more critical in semi-arid and environmentally sensitive 

regions such as the Mar Menor Watershed Basin (CVMM), where two main challenges 

converge: on the one hand, the structural scarcity of water resources; and, on the other, 

the environmental pressure derived from diffuse agricultural nitrate pollution, which can 

affect the quality of both groundwater and surface water bodies and requires stricter 

management of water and fertilization. In this context, reducing water and nutrient 

losses through deep percolation not only improves irrigation efficiency, but also helps to 

decrease the risk of nitrate leaching and its impact on aquifers. 

 

The main objectives of this study were, first, to optimize irrigation management to keep 

irrigation water within the effective root zone and minimize deep drainage that may lead 

to nutrient losses; and second, to replace part of conventional fertilizers with organic 

inputs linked to circular economy practices in order to support the goals of ecological 

production (European Green Deal), without compromising yield or fruit quality and 

while maintaining the farm’s economic performance. 

 

The trial was conducted in a commercial grapefruit orchard (Citrus paradisi cv. Star 

Ruby) under previously conventional management, located in an agricultural nitrate 

vulnerable zone (NVZ) in Campo de Cartagena (Region of Murcia), as defined by Law 

1/2018 on urgent measures to ensure environmental sustainability in the Mar Menor 

area. Two differential fertigation treatments were established: a control treatment (T1) 

based on irrigation meeting 100% of crop water requirements and conventional 

fertilization; and a moderate deficit irrigation treatment (T2; 18% less than the control), 

in which 10% of the fertilizer units (UF) applied in the control were replaced with a 
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natural organic fertilizer, vermicompost humus. The experimental design consisted of 

two adjacent plots, with three subsampling units within each plot for soil and plant 

monitoring. 

 

Irrigation scheduling was progressively adjusted in both treatments based on volumetric 

water content measured by capacitive FDR soil moisture sensors (TEROS 12) installed 

at 30, 60 and 90 cm depth, modifying irrigation duration and frequency according to 

crop water demand. In addition, crop physiological status was assessed using 

multispectral remote sensing with a MicaSense RedEdge-M camera and stem water 

potential measurements using a Scholander-type pressure chamber. 

 

At the end of each crop cycle, yield (kg per tree) was quantified in both treatments and 

fruit external and internal quality were analyzed: weight, diameter, firmness, juice 

percentage, soluble solids content (°Brix), titratable acidity, and maturity index. 

 

Using the information provided by the soil moisture sensors, irrigation inputs were 

reduced in both treatments without sustained increases in moisture in the deepest soil 

layer (90 cm), suggesting a decrease in deep drainage and in the risk of nitrate leaching. 

 

From a productive standpoint, irrigation optimization through sensor guidance did not 

negatively affect the crop: there were no yield losses in either treatment, and the 

commercial quality of fruit from T1 and T2 remained within typical ranges for 

grapefruit. In the treatment with greater water restriction and partial replacement of 

commercial fertilizer with vermicompost humus (T2), physiological and remote 

indicators showed moderately higher water stress than in the control (T1), reflecting a 

more demanding water management regime. Despite this, T2 increased yield (10 kg per 

tree) relative to the control (T1), resulting in higher water productivity. 

 

Several studies have shown that incorporating humus into soil improves its capacity to 

retain water and nutrients, promoting a more efficient root environment. In this trial, the 

organic amendment applied in T2 likely contributed to conserving moisture within the 

soil profile and optimizing the use of available nutrients (Atero-Calvo et al., 2024). This 

combination allowed yield and fruit quality to be maintained under a more limited 

irrigation regime compared with conventional management. 

 

Monitoring soil moisture at 30, 60 and 90 cm depth proved to be an effective tool to 

adjust irrigation in citrus. Moreover, in NVZs, these sensors can be essential by helping 

to prevent nitrate leaching driven by deep percolation. Applying the practical criterion 

of avoiding sustained moisture increases at 90 cm helped to limit deep drainage under 

real field conditions. It was also confirmed that more efficient water management, 

complemented by improvements through organic soil amendments and optimized 

fertilization, can maintain and even increase yield per tree without penalizing fruit 

quality. Overall, integrating soil, plant and production data is key to advancing precision 



 

irrigation strategies that reduce the environmental impact of nutrient leaching without 

compromising crop profitability. 

 

Keywords: grapefruit; precision irrigation; FDR soil moisture sensors; deep percolation; 

nitrate leaching; multispectral remote sensing 
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Abstract: (about 2.000 words maximum) 

Sustainable agriculture aims to reduce the use of potassium fertilizers without 

compromising crop yield, highlighting the importance of potassium (K⁺) in key functions 

such as stomatal regulation and response to water stress. Alternative mechanisms for K⁺ 

transport are being studied. Additionally, ethylene (ET) plays a role in the response to 

potassium deficiency by promoting the expression of high-affinity transporters through 

the production of reactive oxygen species (ROS). However, its influence on K⁺ uptake 

and hydraulic conductivity remain unclear. 

The present study aims to analyze the interaction between K⁺ deficiency, ET signaling 

and root water uptake. Two genotypes of Solanum lycopersicum cv. Ailsa Craig were 

used: the Wild type and the never ripe mutant, which is insensitive to ET. 

Plants were grown hydroponically in a modified Hoagland nutrient solution under three 

K⁺ levels: 100%, 25%, and 1%. Various parameters were evaluated, including growth, 

which showed significant differences between the two tomato varieties. The Wild type 

exhibited superior growth but demonstrated greater negative sensitivity to potassium 

deficiency compared to the never ripe variety. 

Regarding hydraulic conductivity, Wild type plants showed an increase as potassium 

concentration decreased, while never ripe consistently exhibited lower values with little 

variation between treatments. 

In parallel, several hormones involved in plant development and normal physiological 

functioning, including IAA, ABA, SA, JA, and JA-Ile, were analyzed. In leaves, a clear 

increase in the levels of all these hormones was observed under treatments with the lowest 

K⁺ concentration in both tomato cultivars. In roots, the differences were less pronounced; 

however, a similar trend was detected. This marked increase observed in specific 

treatments is attributable to the stress induced by K⁺ deficiency to which the plants were 

subjected. 

Regarding protein quantification in both leaves and roots, higher levels of PIP1, PIP2, 

PIP2A, PIP2B, and PIP2C were detected in the wild-type plants, particularly in leaves. In 
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roots, the highest protein levels were observed under the 100% K⁺ treatments in both 

tomato cultivars. 

These preliminary analyses indicate marked physiological differences between both 

genotypes. Specifically, the Wild type showed higher sensitivity to K⁺ levels, whereas the 

never ripe mutant exhibited a more stable response, which could be attributed to its 

ethylene insensitivity, conferring greater tolerance to various stresses. 

Keywords: (about 6 words) 

Aquaporins, ethylene sensitivity, tomato, plant stress tolerance, potassium deficiency. 
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Abstract: En la región mediterránea, la sequía puede limitar el transporte de hierro (Fe) 

en los cultivos, agravando los problemas existentes de la baja disponibilidad de este 

micronutriente en suelos calcáreos. Dado que en condiciones naturales las plantas se 

enfrentan a estos estreses de manera combinada, se activan diversos mecanismos 

fisiológicos y hormonales para mejorar la absorción y redistribución del hierro, con el fin 

de mantener la productividad. En este contexto, comprender cómo el estrés por sequía 

interfiere en la homeostasis del hierro, afectando su absorción y distribución en los 

tejidos vegetales, constituye un área de investigación novedosa (Kanwar et al., 2021). 

Por ello, uno de los objetivos de nuestro grupo de trabajo es evaluar el efecto priming 

de bio-estimulantes como aminoácidos, poliaminas u hormonas, para mejorar la 

tolerancia al estrés individual o combinado por sequía y clorosis férrica en especies 

modelo y en patrones frutales Prunus spp.. 

El objetivo principal de este estudio fue evaluar el papel del priming con GABA en el 

alivio del estrés en plantas de Medicago truncatula sometidas a condiciones de estrés, 

individual y combinado por sequía y clorosis férrica. Se definieron dos objetivos 

específicos, i) analizar la respuesta fenotípica al estrés férrico e hídrico moderado, y ii) 

determinar si el GABA mejora la tolerancia al estrés. Para ello, se llevaron a cabo varios 

experimentos preliminares para establecer las condiciones óptimas de cultivo. 

El crecimiento de las plantas consistió en una fase inicial en cultivo hidropónico de 5 días, 

durante la cual se realizó un priming de 3 días con 1.5 mM GABA (Montenegro et al., 

2026). Posteriormente, las plantas pretratadas o no con GABA, se separaron en cuatro 

grupos para trasplante a macetas con perlita (2 plantas/maceta), y se cultivaron al menos 

14 días bajo riego con solución nutritiva ½ Hoagland with 45-90 µM Fe-EDTA, en sequía 
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moderada (SM) y/o deficiencia de hierro. Las plantas se regaron cada dos días con el 

100% del agua evapotranspirada con solución completa ½ Hoagland (+Fe) o deficiente 

en hierro (-Fe), y con el 50% del agua evapotranspirada para las plantas en SM. Se 

definieron ocho tratamientos en total, cuatro para plantas control (+Fe, -Fe, Sequía+Fe, 

Sequía-Fe) y cuatro para plantas pre-tratadas con GABA (GABA+Fe; GABA-Fe, 

GABA_Sequía+Fe, GABA_Sequía-Fe). Al final del periodo del crecimiento, se pesaron las 

raíces y la parte aérea de las plantas (peso fresco, PF), se determinaron los pesos secos 

(PS), se calculó el contenido hídrico basado en PF para raíz y parte aérea (CH_ Aérea, 

CH_Raíz), y se determinó la biomasa total y la relación PS_Aérea/ PS_Raíz). 

Los resultados preliminares mostraron que el efecto de los tres factores (GABA, Fe y 

sequía) fue variable según el parámetro analizado. El tratamiento con GABA no indujo 

cambios evidentes en el CH de la planta, aunque sí promovió un aumento del peso seco 

tanto en la parte aérea como en el sistema radicular. La sequía fue el factor más 

determinante, provocando en todos los casos una reducción en la evapotranspiración y 

una disminución significativa del CH y del PS, tanto en la raíz como en la parte aérea. En 

cuanto al Fe, solo se observaron efectos significativos en la evapotranspiración, sin 

interacciones con el GABA o la sequía. Sorpresivamente, bajo nuestras condiciones 

experimentales, la disponibilidad de Fe no modificó los parámetros asociados al CH ni a 

la biomasa, ni siquiera en interacción con los otros factores. No obstante, aunque el Fe 

no afectó directamente al estado hídrico de la planta, su disponibilidad es determinante 

para procesos fisiológicos relacionados con los pigmentos, el contenido mineral, la 

fotosíntesis, el metabolismo nitrogenado y la regulación hormonal. 

La variabilidad fenotípica observada en el desarrollo de las plantas entre los 

experimentos instan a abordar estas condiciones de estudio con mayor número de 

réplicas y con un estudio más exhaustivo de la arquitectura radicular, a fin de dilucidar si 

el priming con GABA confiere beneficios morfológicos. En base a los resultados 

preliminares, se puede concluir, que la imprimación con GABA podría promover la 

tolerancia al estrés por sequía mediante un aumento de la biomasa. Asimismo, los 

cambios observados bajo condiciones de sequía son consistentes con los descritos 

previamente por otros autores (Varona et al., 2026). 

Keywords: Aminoácidos, ácido ϒ-aminobutyric, sequía, clorosis férrica. 
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Abstract: 

Forest partitioning of rainfall constitutes a significant constituent of the hydrological 

cycle, modifying the spatial distribution and amount of rainfall. Throughfall, a fraction of 

rainfall which enhance nutrients dynamics and forest growth is strongly influenced by 

forest composition and climate dynamics requiring investigation. Here, we probe the 

influence of canopy type and fertilisation on throughfall across two contrasting sites 

(Mediterranean cool site (A) and continental cool site (G)) during 2024 and 2025 in 

Southwestern Pyrenees of Spain. The mixed forests included patches of different 

species-canopy types (i.e., pure pine (PP), pine in pine-beech (PM) and beech in pine- 

beech (BM), while fertilisation included control, nitrogen (N), phosphorus (P) and N+P, 

monitored in 2024 (no fertilization) and 2025 (fertilization) from March to October. 

Neither species-canopy nor fertilisation solely had a significant effect on throughfall. 

Throughfall was significant across years being higher in 2024 (86.6 mm) than in 2025 

(52.51 mm). Species-canopy and site interaction was significant as the effect of species- 

canopy on throughfall was not significant in G, but it was in A (BM>PM), probably 

reflecting differences in successional stage between G (early successional) and A (late 

successional). Similarly, the site and year interaction was significant as differences 

between sites were not significant in 2024, but they were in 2025 (A<G). Treatment 

effect contributed 8.2 % of the variation in throughfall while 83.5 % of the throughfall 

variation was accounted for by sampling date. It appears that rainfall timing and 

magnitude exert stronger control on throughfall than forest structure or management as 

it is an event-driven hydrological process. 

Keywords: Species-canopy; rainfall; seasonal dynamics; Forest partitioning; Site 
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Abstract: 

El cultivo del limonero destinado al mercado en fresco es un pilar agroalimentario y 

social en el sureste de España, con la Región de Murcia como área líder en producción. 

Su peso económico se refleja tanto en la superficie cultivada como en el empleo y la 

actividad asociada a la cadena de valor. En este contexto, el riego por goteo subterráneo, 

aunque aporta ventajas agronómicas, puede favorecer episodios de exceso hídrico, 

especialmente durante el verano. Estas condiciones reducen la aireación del suelo y el 

oxígeno disponible en la zona radicular, lo que puede limitar el funcionamiento del 

sistema radicular y repercutir en el desarrollo del cultivo y, por extensión, en la 

precocidad de la cosecha y en el rendimiento final. En este contexto, el objetivo del 

presente trabajo fue evaluar la oxifertirrigación mediante nanoburbujas como estrategia 

para aumentar la disponibilidad de oxígeno en la zona radicular. Además, se analizó su 

efecto sobre el estado hídrico del cultivo y los principales parámetros de intercambio 

gaseoso, con el fin de explorar su posible relación con la precocidad de la cosecha. 

Para abordar este objetivo, se desarrolló un ensayo en la campaña del año 2025 en una 

parcela experimental del IMIDA situada en Torre Pacheco (Murcia), utilizando árboles 

adultos de limonero temprano ‘Fino 49’ injertados sobre Citrus macrophylla Wester con 

riego por goteo subterráneo. Se compararon dos tratamientos: i) SUB-Control, sin 

aplicación de nanoburbujas y ii) SUB-ROC, riego oxigenado controlado aplicado 

únicamente en dos periodos del ciclo, floración y fase II de crecimiento del fruto. El 

estado hídrico del cultivo se monitorizó de forma periódica mediante el potencial hídrico 

de tallo al mediodía (Ψtallo) empleando cámara de presión, y en los mismos días se 

determinaron los parámetros de intercambio gaseoso foliar entre las 08:30 y 10:00 h con 
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un sistema portátil de fotosíntesis. La cosecha se evaluó mediante dos cortes, retirando 

en el primero los frutos que superaron el calibre comercial óptimo (Ø > 58 mm); en cada 

corte se contabilizaron y pesaron todos los frutos por árbol, calculándose además el peso 

medio de fruto. Finalmente, la eficiencia productiva en el uso del agua (EPUA) se estimó 

como la relación entre la cosecha total obtenida y el volumen total de riego aplicado en 

cada tratamiento a lo largo de la campaña. 

La aplicación de nanoburbujas mediante la oxifertirrigación ha permitido conseguir 

valores significativamente superiores de O2 disuelto en el agua de riego en el tratamiento 

SUB-ROC con unos valores promedio de 10,8 ± 0,37 ppm de O2 a la salida del gotero 

frente a las de 6,0 ± 0,13 ppm de SUB-Control. Esto repercutió en mejoras puntuales del 

estado hídrico, especialmente en fases tempranas del ciclo de cultivo con valores de Ψtallo 

menos negativos que el control. La asimilación neta de CO2 (A) aumentó desde mayo 

hasta máximos en julio, coherente con el incremento de la demanda atmosférica y la 

actividad fisiológica en verano y la respuesta a la oxifertirrigación fue variable según la 

fecha. La conductancia estomática (gs) y la transpiración (E) no mostraron diferencias 

significativas entre tratamientos a lo largo del periodo, y el VPD foliar fue comparable, 

lo que sugiere que la atmósfera no fue el factor que explicó las diferencias puntuales 

observadas en A. Esa mejora en el estado hídrico y el mantenimiento de los parámetros 

de intercambio gaseoso pudo influir en la respuesta agronómica. En el primer corte de 

la cosecha, SUB-ROC incrementó significativamente la producción total debido a un 

mayor número de frutos cosechados, sin cambios en el peso medio del fruto. Sin 

embargo, en el segundo corte, no se encontraron diferencias significativas entre los 

tratamientos estudiados. El estudio de la producción acumulada de ambos ‘cortes’ nos 

indicó que el tratamiento SUB-ROC mostró un incremento significativo de la producción 

debido principalmente a un mayor número de frutos cosechados. Esto se vio reflejado 

en un incremento significativo en la eficiencia productiva en el uso del agua en SUB-ROC. 

De acuerdo a los resultados preliminares obtenidos de una campaña, se puede concluir 

que la aplicación de la oxifertirrigación controlada bajo condiciones de riego 

subterráneo, se perfila como una herramienta prometedora para adelantar cosecha y 

mejorar la EPUA, aunque conviene seguir profundizando en los mecanismos fisiológicos 

que sustenta la respuesta. 

Keywords: oxígenación radicular, riego por goteo subterráneo, potencial hídrico de tallo, 

conductancia estomática, eficiencia productiva en el uso del agua, citrus macrophylla 
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Abstract: 

Carbon isotopic composition (δ13C) of plant tissues serves as a proxy for estimating 

intrinsic water-use efficiency (iWUE). Most often δ13C is analysed in leaf tissues and can 

capture iWUE responses to multiple environmental drivers. In woody and long-lived 

organisms (trees and shrubs) the analyses of δ13C from cross-dated tree rings can serve 

to retrospectively reconstruct iWUE. However, there are several caveats to this 

approach. First, δ13C reflects the iWUE along the ontogeny of the tissue analysed. In 

addition, when analysing δ13C of leaf tissues, the signature is the result of a mix of 

carbon pools composed of cellulose, recently synthesized sugars and stored sugars, 

which might have been assimilated at different times and under contrasting climatic 

conditions. Meanwhile, wood δ13C should reflect the iWUE over a whole year. Hence 

neither leaf, nor wood δ13C allows to resolve for intra-annual variability in iWUE or to 

assess the impact of short-term extreme climatic events. An alternative to these 

measurements could consist of measuring the δ13C of phloem exudates collected at the 

base of a tree. The δ13C of the phloem should be representative of whole-tree 

physiological activity over the past two-three days. Furthermore, phloem samples are 

easy to collect, transport and process and thus emerge as an ideal approach to track 
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intra-annual variability in iWUE in remote forests. Here, we sought to assess whether 

δ13C collected at the base of adult trees captured intra-seasonal variability across a 

climatic gradient. We selected five pure stands of European beech (Fagus sylvatica) 

that covered a precipitation range from >2000 to 700 mm/year. In spring and summer 

2023, we visited these sites and collected leaf and phloem samples for analyses of 

δ13C. We also measured midday leaf water potential, leaf and phloem concentration of 

non-structural carbohydrates, leaf relative water content and specific leaf area. In 

January 2024, we collected wood cores to analyse the δ13C cellulose of the wood ring 

formed in 2023. Our preliminary results showed that differences in δ13C across sites 

from tree rings were captured both by leaf and phloem δ13C and that these were not 

necessarily related to the mean annual precipitation to each site. Contrary to our 

expectations, we did not find generalized differences in δ13C between seasons and the 

results were similar for δ13C of leaves and phloem. So far, our results suggest that at 

the whole-tree level iWUE could be relatively maintained across the growth season in 

European beech in most sites. 

 

 
Keywords: carbon isotopes, climate change, drought, forests, phloem, tree rings, 

water-use efficiency 
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Abstract: 

1. Introduction 

Climate change is threatening agricultural productivity worldwide, making it necessary 

to find systems that allow production levels to be maintained while also ensuring 

environmental and economic sustainability. Water availability is a key factor in this 

climatic scenario, as it can limit the production of crops such as wheat, which plays a 

crucial role in the basic diet of the global population. In this regard, identifying varieties 

that are more tolerant to the more intense drought periods expected in the future, while 

still maintaining adequate grain yields, would be an interesting strategy to mitigate, at 

least in part, the potential declines in productivity associated with climate change 

conditions. 

By measuring and analysing various physiological and yield parameters, the aim of the 

study is to identify the varieties that respond best to drought, showing greater efficiency 

in the use of water under these conditions. 

 

 
2. Materials and Methods 

The study consists of a greenhouse experiment with different wheat varieties subjected 

to water stress. The experiment was designed using 27 cultivars of bread wheat 

(Triticum aestivum L.), representative of different periods (landraces and from the 1950s 

to the present day) and vernalization requirements (spring or winter cultivars). For each 

variety, two water treatments were established: a control, with irrigation at field 

capacity throughout the entire crop cycle; and drought, which consisted of applying 50% 

less water compared to the control starting from anthesis stage (BBCH 60) and 
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continuing until the end of the growth cycle. Winter varieties were vernalized for six 

weeks at 8 °C in controlled-environment chambers prior to transfer to the greenhouse. 

For each treatment, 4 pots per variety were set up, randomly distributed on the 

greenhouse benches. In this way, the experimental design consisted of 8 pots per variety 

and two plants per pot. The plants were grown in 5L pots, using a substrate composed 

of perlite:vermiculite (1:2). The experiment was carried out in a greenhouse located at 

the Institute of Agrobiotechnology (IdAB) (42°47ʹN, 1°37ʹW; Pamplona, Spain). 

Throughout the entire experiment, controlled environmental conditions were 

maintained in the greenhouse, with natural light and an approximate temperature 

regime of 26/21 °C (day/night), as well as a relative humidity of 60/80% (day/night). 

Irrigation was carried out three times per week, applying half strength Hoagland nutrient 

solution in two of them and water only in the third, adjusting the supplied volume 

according to the phenological stage of the plants. 

Fifteen days after the onset of water stress, photosynthesis measurements were taken 

with the leaf gas exchange system Li-COR 6400 in the flag leaves, and a destructive 

sampling of one plant per pot was carried out. At the end of the growth cycle, the 

remaining plant in each pot was harvested to obtain the dry weight per plant and yield 

parameters. Grain samples were ground into fine powder, and the nitrogen content was 

determined based on sample dynamic combustion. 

3. Results and discussion 

To assess drought tolerance among the different wheat cultivars, total biomass was 

initially evaluated. The ten cultivars showing the highest biomass under both control and 

drought conditions were the same (Soisson, Barbilla de Villar del Buey, Candeal de 

Villaseco del Pan, Barbilla de Salamanca, Albertus, Maris Widgeon, Pane 247, Candeal 

de Arévalo, Tenor, Machado and Astral), with the exception of Tenor, which exhibited a 

significant reduction of 50% under drought conditions. Among them, the Pane 247 and 

Barbilla de Villar del Buey also exhibited a significant reduction in biomass under drought 

conditions (≈30%). Nevertheless, their values remained among the highest without 

statistical differences, as was the case for Tenor. 

Given that landrace cultivars are usually taller than modern dwarf varieties, the yield 

(grain weight per plant) for each cultivar was subsequently compared under control and 

drought conditions. The top ten cultivars with the highest yield under both control and 

drought conditions were Soisson, Tenor, Pane 247, Machado, Albertus, Agricultor, 

Barbilla de Villar del Buey, Candeal de Villaseco del Pan, Barbilla de Salamanca, and 

Astral. Among them, Agricultor, Tenor, Barbilla de Villar del Buey, Soisson, and Pane 247 



 

exhibited a significant yield reduction under drought conditions, indicating a lower 

tolerance to water deficit. However, despite this decrease, in many cases there were no 

significant differences in yield under drought conditions compared to the other cultivars 

whose yield under control conditions is in fact significantly lower. Therefore, the most 

promising varieties for maintaining high yields under drought conditions would be 

Albertus, Machado, Soisson, Pane 247, Candeal de Arévalo, Candeal de Villaseco del Pan, 

Maris Widgeon, Astral, Barbilla de Salamanca, and Tenor. Considering the vernalization 

requirements, all of them except for Pane 247 were winter cultivars. It could be 

expectable given that winter wheat is traditionally known for its higher yield potential 

compared to spring cultivars. Conversely, these results indicate that three landrace 

varieties are among the most productive and display favorable drought‑tolerance traits, 

together with varieties released from the mid‑twentieth century onwards and also 

current cultivars. It was said that landraces commonly show more stable yield under 

drought stress conditions due to their rich and complex ancestry, making them more 

resilient. 

When considering the harvest index (HI) as an indicator of the proportion of total plant 

biomass allocated to grain production, landrace varieties exhibited low values probably 

due to their large plant stature and leaf area. Moreover, several spring varieties (Galeón, 

Montemayor or Eneas) showed high HI values, but also actual winter cultivars, such as 

Boticelli, Alhambra or Agricultor. Sometimes it was reported that winter wheat benefits 

from a longer vegetative phase, leading to greater biomass and deeper roots, but this 

does not always translate to a higher HI compared to spring wheat. Among the varieties 

identified as the most productive, Tenor, Machado, and Pane 247 stand out for 

maintaining a high HI even under drought conditions. 

To investigate whether a relationship exists between the observed yield values and 

physiological parameters, instantaneous extrinsic water-use efficiency (eWUE) was 

calculated as the ratio of net assimilation rate (An) to leaf transpiration rate (E). The 

cultivars showing the highest eWUE values under control conditions were LG del Río, 

Barbilla de Villar del Buey, Eneas, Soisson, Candeal de Villaseco del Pan, Barbilla de 

Salamanca, Tenor, Asterion, Maris Widgeon, and Astral. Overall, they exhibited higher 

photosynthetic rates and lower transpiration rates. However, under drought conditions, 

Barbilla de Salamanca and Astral do not rank among those with the highest eWUE 

values. Under drought conditions, the cultivars Candeal de Muelas del Pan, LG del Río, 

Tenor, Pane 247, Maris Widgeon, and Botticelli showed a significant increase in eWUE, 

positioning them as the most drought-tolerant cultivars. Overall, winter varieties appear 

to be more tolerant to drought in terms of eWUE, with the exception of the spring 



 

cultivar Pane 247. In this line, it was observed that deeper root growth induced by earlier 

winter wheat planting contributed to greater WUE. 

When comparing these results with grain nitrogen content under both control and 

drought conditions, it was observed that current winter varieties such as Asterion and 

LG del Río exhibit high values, but also some spring varieties, including Florence Aurora, 

Esperado, and Albertus, as well as landraces such as Candeal de Arévalo and Barbilla de 

Villar del Buey. It should be noted that only the variety Botticelli showed a significant 

decrease in grain nitrogen content under drought conditions. Notably, the varieties 

identified as having the highest yields and drought tolerance (e.g., Tenor, Machado, and 

Pane 247) were found to have lower grain nitrogen content than other cultivars that are, 

a priori, less productive. Nevertheless, nitrogen values exceeded 2.8%, which is 

considered sufficient to achieve an adequate protein content for bread-making wheat. 

Although each cultivar has a different protein potential, spring wheat is traditionally 

known for its superior baking quality compared to winter cultivars, which are generally 

associated with higher yields. 

4. Conclusion 

Under these experimental conditions, the wheat cultivars that better responded to 

drought while maintaining high yield levels were mainly modern winter cultivars (Tenor, 

Machado, LG del Rio), with the exception of the spring variety Pane 247. However, it was 

also observed that some landraces performed well, maintaining acceptable yield levels 

under drought conditions. 

Although there is general agreement that modern high-yielding wheat cultivars are 

better adapted to favourable growing conditions, while older cultivars and landraces 

tend to exhibit more stable yields under drought stress due to their rich and complex 

ancestry and wide variation in stress responses, our results indicate that these trends 

are cultivar-dependent and strongly influenced by the specific growing conditions. 
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Abstract: (about 2.000 words maximum) 

In recent years, the area devoted to pistachio cultivation is increasing significantly, 

especially in Central Spain. However, because of the uncertain behavior of this crop in 

cold-winter regions, water management in these areas continues to be a challenge. In 

this context, this study explores the effect of two different irrigation treatments on the 

water status, gas exchange and yield of the Kerman cultivar in a 12-year-old orchard 

located in La Seca (Valladolid). This region has a Mediterranean type climate with a 

continental influence, the mean annual rainfall amount is 306 mm, while the mean 

annual reference evapotranspiration is 1103 mm. The pistachio trees were exposed to 

two contrasting irrigation treatments during 5 years (2021-2025). During this period, 

the high irrigation treatment (H) delivered 50% more water than the control treatment 

(C). On average, the annual irrigation amount was 1533 and 2294 m3 ha-1 for the C and 

H treatments, respectively. In 2024 and 2025, stem water potential at midday, soil 

water content (from 20 to 60 cm depth), stomatal conductance, net photosynthesis 

rate and trunk diameter were measured. The net photosynthesis rate/stomatal 

conductance ratio was used as a proxy of the intrinsic water use efficiency. Yield traits 

(quantity and quality) were determined from 2021 to 2025. These included fresh and 

dry weight of fruits per tree, fruit size, and percentage of split, non-split and blank 

nuts. The weight per tree of each of these categories was calculated. Soil water content 

reflected the dynamics of the environmental conditions and the water applied 

throughout the experimental period. Trees under both irrigation treatments were 

subjected to a reduction in soil water content during the growing season, which was 

more marked under the C treatment, especially at the end of the summer. Additionally, 

a slight decline in stem water potential was observed during summer, with trees from 
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the C treatment exhibiting the most negative values (-1.3 MPa), indicating a slight 

dehydration. The decrease in soil water content during the summer caused a reduction 

in the magnitude of stem water potential in both treatments. The highest values of 

intrinsic water use efficiency were observed when stomatal conductance was around 

100 mmol m-2 s-1, decreasing exponentially when the degree of stomatal aperture 

increased. In the current study, stomatal conductance values lower than 100 mmol m-2 

s-1 were occasionally measured in the C treatment. Moreover, trees under the H 

treatment reached a greater trunk diameter while C trees showed a significant 

reduction in vegetative growth since the beginning of the experiment. Pistachio yield 

was significantly higher in the H treatment on certain seasons, leading to a greater 

cumulative production (dehulled dried-pistachios) over the study period (15.7 kg of dry 

weight of nuts per tree in the H treatment compared to 12.9 kg of dry weight nuts per 

tree in the C treatment over 5 years, from 2021 to 2025). The dry weight of split 

pistachio nuts, with a greater marketing value, was higher in H compared to C (8.9 vs 

6.4 kg per tree). In general, the nutritional composition of the nuts did not differ 

between irrigation treatments, with significantly higher values of certain compounds (P, 

Fe, Mg, and Se) under the C treatment in 2024. These results can aid growers to select 

the most appropriate irrigation strategy for the Kerman cultivar in Castilla y León and 

other regions with similar weather conditions. 

Keywords: (about 6 words) soil water content, stem water potential, Pistacia vera (L.), 

irrigation, split nuts, commercial quality 
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Abstract: 

Shade netting is a cropping technique that protect crops from environmental hazards 

and global warming since nets actuate like a filter, increasing solar light scattering and 

cushioning air temperature surrounding the trees. Modifications in the spectral light 

under netting can affect tree photosynthetic performance, which significantly influences 

the growth and productivity of the trees. Therefore, the effect of shading on the 

photosynthetic light-response is of scientific interest. This study provided information on 

the A/Q response curves in lime and sweet cherry trees, along with the effect of shading 

on the microclimate, tree water status, and crop yield. 

This trial was carried out in a plot of 6-year-old ‘Bearss’ lime trees (Citrus latifolia Tan.) 

grafted onto Citrus macrophylla L. rootstock located at the CEBAS-CSIC experimental 

field station in Murcia (Spain), and a plot of 15-year-old ‘sweet sareta’ sweet cherry trees 

(Prunus avium) grafted onto ‘Gisela 6’ rootstock located in Bologna (Italy). In both 

species, two cropping systems were considered: (i) open-field: in which the trees grew 

under direct sun-light conditions, and (ii) shade: in which the trees grow under shading 

conditions. In the lime orchard, the shading conditions were performed by a white high- 

density polyethylene (HDPE) net with 20% of shading, whereas, in the sweet cherry 

orchard, a black HDPE with 20% shading, combined with white anti-rain plastic was used. 

In both trials, the trees grown in open-field and shaded conditions were fully irrigated to 

100% of crop evapotranspiration (ETc). 
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Agrometeorological conditions were monitored in both species and growing conditions, 

including vapor pressure deficit (VPD). On representative days of different crop 

phenological stages, the photosynthetic response was measured during morning hours 

at 12 light intensities (0, 25, 50, 75, 100, 250, 400, 550, 700, 1200, 1600, 2000 µmol m-2 

s-1) using a portable photosynthesis system. These measures were carried out at pre- 

flowering, fruit growth stage III, and post-harvest in the lime orchard, and at stages I and 

II of fruit growth in the sweet-cherry orchard. On the same dates stomatal conductance 

(gs) was measured at 9:00h, and the stem water potential (Ψstem) at 12:00h. Also, the 

total yield was assessed on both crops. 

Along the experimental period, in both agricultural species, the VPD at midday was 

higher in shaded than in open-field conditions. Moreover, the values of Ψstem and gs 

reported in both species were indicative of non-water stress conditions. Regarding the 

A/Q response curves measurements, in lime trees it was observed that the 

photosynthesis in the open-field trees was the highest under the different light levels 

studied. In sweet cherry, the same trend was observed at fruit growth stage III, whereas 

at stage II, the photosynthesis was the highest in the net trees, even non-significant 

differences were observed between treatments. The yield, in both crops, was 

significantly higher in the trees grown under netting conditions. 

Shade nets affect light interception by trees and environmental conditions, creating a 

microclimate around the trees that influences their photosynthetic response to light and, 

at a time, generates optimal conditions for the development and productivity of both 

crops. These results point to shade as a very suitable cropping system for fruit trees to 

mitigate the effects of climate change. 

 
Keywords: Photosynthesis; Prunus avium; tree water status; microclimate; Citrus 

latifolia; yield. 
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Abstract: (about 2.000 words maximum) 

Hazelnuts (Corylus avellana) have traditionally been grown in areas where rainfall is 
enough to satisfy their crop water requirements. However, hazelnut cultivation has 
expanded recently to new locations, such as Central Spain, where precipitation is scarce 
and supplemental irrigation is often necessary during late spring and summer for 
ensuring crop sustainability. Hazelnut is considered highly sensitive to water stress due 
to its limited stomatal regulation capability and it responds rapidly to increasing vapor 
pressure deficit (VPD) and temperature by reducing stomatal conductance and 
consequently carbon assimilation rate, which could represent a major limitation on 
yield. However, previous studies have demonstrated that sensitivity to water stress 
conditions differs between hazelnut cultivars. Furthermore, the production of self- 
rooted hazelnut trees in hedges is an innovative technique that can maximize 
profitability. By removing the need for traditional grafting, this method lowers nursery 
costs and allows for fully mechanized harvesting. To date, no studies have documented 
the response of these new plant materials and their adaptability across diverse 
environments. To advance in this knowledge, the current study aimed at evaluating 
morphological and physiological responses of eight self-rooted hazelnut cultivars 
(‘Barcelona’, ‘Ennis’, ‘Jefferson´, ‘Yamhill’, ‘Sacajawea’, ‘Theta’, ‘Tonda Gentile Langhe’ 
and ‘Tonda Giffoni’) by studying water relations, stomatal traits, vegetative growth and 
yield. For this purpose, a trial was conducted to examine the response of adult trees of 
these cultivars over the year 2025 in an experimental orchard established in 2018 at the 
Experimental Farm of the ITACyL, located in Valladolid. Stomatal density, specific leaf 
area, leaf relative water content at midday, tree size and yield per tree were determined 
over the 2025 growing season. Also, on 24 July 2025, stomatal conductance was 
measured over the course of the day, in 25 trees per cultivar, using a porometer. Results 
showed that hazelnut trees reduced leaf stomatal conductance when the vapor pressure 
deficit exceeded 2 kPa during the diurnal cycle in all cultivars. The diurnal course of 
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stomatal conductance showed that maximum values are reached very early in the 
morning (about 8 h solar time) and then they decreased rapidly. All cultivars showed a 
similar pattern of diurnal stomatal conductance, but the lowest values were observed in 
‘Tonda Gentile Langhe´ throughout the day. Stomatal density in the abaxial side of the 
leaves differed among cultivars, with Theta having the highest (325 stomata mm-2) and 
Barcelona the lowest stomatal density (224 stomata mm-2). In general, the highest leaf 
relative water content was observed in ‘Tonda Gentile Langhe’, while the lowest values 
were obtained in ‘Jefferson’ and ‘Yamhill’, which also showed the lowest specific leaf 
area. After 7 years since plantation, differences in growth (canopy volume) were 
observed among varieties, with ‘Ennis’ and ‘Barcelona’ being bigger and ‘Yamhill’ trees 
being smaller. No yield was recorded in 2025 for the ‘Theta’ cultivar and nut yield in dry 
weight ranged from 0.8 to 1.4 kg per tree in the rest of the studied cultivars. Significant 
differences in production were detected among hazelnut cultivars. ‘Barcelona’ had the 
highest nut yield, while Yamhill and Theta had the lowest. In 2025, ‘Jefferson was the 
most productive cultivar, considering the yield per canopy volume (0.48 kg dry weight 
m-3). Our results suggested different responses between cultivars and showed that VPD 
sensitivity differs between hazelnut cultivars. In this sense, ‘Tonda Gentile Langhe’ had 
the lowest stomatal conductance (it responds rapidly to increasing VPD, a conservative 
tendency) coinciding with the highest leaf relative water content and yield. However, 
‘Yamhill’ continued with relatively high values of stomatal conductance when VPD 
increased to 2 kPa (with stomata closing not as early in response to increasing VPD), 
coinciding with the lowest leaf relative water content values and indicating a slight 
dehydration in these trees. ‘Yamhill’ also were the smallest trees and those with the 
lowest yield (except for ‘Theta’). Our results provide valuable knowledge for selecting 
plant material when planning new hazelnut plantations. 

 
Keywords: (about 6 words): genetic variability, gas exchange, stomatal density, nut 

yield, Coryllus avellana, stomatal control. 
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Abstract: 

Boron (B) is an essential micronutrient involved in cell wall structure, membrane integrity and 
reproductive development in higher plants. However, the margin between deficiency and toxicity 
is narrow, and B toxicity is a recurrent constraint in arid and semi-arid regions where B-rich 
irrigation water often coincides with water scarcity. Despite its agronomic relevance, the eco- 
physiological mechanisms linking B toxicity with plant water relations and gas exchange remain 
poorly characterised in legumes, particularly in common bean (Phaseolus vulgaris L.). 

 

In this study, we conducted an integrated physiological assessment of B toxicity in two 
common bean genotypes with contrasting genetic backgrounds: a Valencian landrace 
(‘Roget’) and a commercial cultivar (‘Buenos Aires’). Plants were grown under controlled 
conditions and exposed to three B concentrations in the nutrient solution (0.11, 10 and 
20 mg L-1). Leaf B concentration, gas exchange parameters (net photosynthesis, ACO2; 
stomatal conductance, gs; and transpiration rate, Eleaf), water-use efficiency (WUE), and 
leaf water relations (leaf water potential, Ψleaf; osmotic potential, Ψπ; and turgor 
potential, Ψp) were determined 10 days after treatment initiation. 

Leaf B concentration increased significantly with increasing B supply in both genotypes, 
although accumulation was markedly higher in the commercial cultivar, suggesting a 
reduced capacity to regulate internal B levels compared to the landrace. Gas exchange 
responses were strongly genotype-dependent. In ‘Buenos Aires’, elevated B induced a 
pronounced reduction in gs and Eleaf, accompanied by decreased ACO2, indicating 
stomatal limitations to carbon assimilation and a conservative transpiration-driven 
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strategy potentially aimed at restricting B transport to the shoot. In contrast, ‘Roget’ 
exhibited a buffered gas exchange response, maintaining higher ACO2 values under 
moderate B stress, indicative of greater physiological plasticity and tolerance. WUE 
increased under high B supply in both genotypes, but through contrasting mechanisms. 
In ‘Buenos Aires’, enhanced WUE resulted primarily from strong stomatal closure and 
reduced transpiration, whereas in ‘Roget’, improved WUE was achieved with a smaller 
penalty on carbon assimilation, reflecting a more balanced regulation of water loss and 
photosynthesis. 

Leaf water relations further revealed distinct adaptive strategies. In ‘Roget’, increasing B 
supply significantly affected leaf water potential components, with a marked decrease 
in Ψπ and enhanced turgor maintenance under high B levels, indicating active osmotic 
adjustment. In ‘Buenos Aires’, osmotic adjustment also occurred, but Ψleaf remained 
relatively stable, suggesting a stronger reliance on stomatal regulation rather than bulk 
hydraulic adjustments to cope with B stress. 

Overall, these results demonstrate that B toxicity modulates gas exchange, WUE and leaf 
water relations through genotype-specific physiological mechanisms. The landrace 
‘Roget’ displayed greater plasticity in B accumulation control, gas exchange regulation 
and osmotic adjustment, enabling maintenance of turgor and photosynthetic activity 
under elevated B supply. Conversely, the commercial cultivar adopted a conservative 
strategy based on stomatal closure and reduced transpiration, improving WUE at the 
expense of carbon assimilation. These findings highlight the potential of traditional 
landraces as reservoirs of adaptive traits for breeding programmes aimed at improving 
tolerance to micronutrient toxicity and water-related stresses, contributing to more 
resilient legume production systems under increasing climatic variability and 
heterogeneous soil and water conditions. 
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by a predoctoral contract funded by the ‘Marisa Badenes’ program of the Generalitat 
Valenciana, which may be co-financed by the European Union through the European 
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Abstract: 

Avocado (Persea americana Mill.) cultivation in Mediterranean environments is 

increasingly exposed to short-term soil water deficits coinciding with heatwave events, 

where high atmospheric demand can exacerbate plant water stress and constrain 

physiological functioning. Understanding how avocado trees regulate water use and 

photochemical performance under such conditions is essential to support physiologically 

sound deficit irrigation strategies. This study analysed the diurnal coordination of plant 

water status, stomatal behaviour and chlorophyll fluorescence in young avocado trees 

subjected to short-term drought under extreme atmospheric forcing. 

The experiment was conducted in a commercial avocado orchard located in Callosa d'en 

Sarrià (Alicante, Spain). Four-year-old trees (cv. ‘Hass’ grafted on ‘Duke 7’ rootstock) were 

irrigated using three lateral driplines with integrated emitters (1 L h-1, 0.50 m spacing). 

Two irrigation treatments were compared: well-watered control and drought-stressed 

trees exposed to five consecutive days without irrigation. Measurements were 

performed on 12 July 2022, a heatwave day characterized by maximum air temperatures 

above 33 °C, midday air vapour pressure deficit (VPD) exceeding 3.3 kPa, peak global 

radiation close to 900 W m-2 and reference evapotranspiration of 5.96 mm day-1. 

Stem water potential (Ψstem) and leaf water potential (Ψleaf) were measured predawn 

and at regular intervals throughout the day using a Schölander pressure chamber. Leaf 

gas exchange (stomatal conductance, gs; transpiration, Eleaf) and chlorophyll 

fluorescence parameters (effective quantum yield of PSII, ΦPSII; electron transport rate, 
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ETR) were assessed from morning to late afternoon using a portable 

porometer/fluorometer (LI600, LICOR). The stem–leaf hydraulic gradient (ΔΨ = Ψstem − 

Ψleaf) was used as an indicator of whole-plant hydraulic driving force. Continuous climatic 

data from an in-situ weather station were used to characterise environmental forcing 

during the measurement period. 

Well-watered trees showed high predawn Ψstem values (-0.08 MPa), followed by a 

gradual decline to stable midday and afternoon values around –0.45 MPa. In contrast, 

drought-stressed trees started the day with significantly lower predawn Ψstem (-0.20 

MPa) and reached minimum values of -0.91 MPa at midday, coinciding with peak 

atmospheric demand. Despite this pronounced reduction in Ψstem, Ψleaf values in 

drought-stressed trees remained relatively stable and less negative than in control trees 

during the central hours of the day. As a result, the hydraulic gradient between stem and 

leaf (ΔΨ) was strongly reduced under drought, decreasing from 0.74 MPa in the morning 

to 0.36 MPa at midday, whereas ΔΨ in control trees remained close to 1.5 MPa 

throughout the day. 

Drought induced a strong limitation of gs and Eleaf. Control trees exhibited maximum gs 

values of approximately 0.30 mol H2O m-2 s-1 and transpiration rates of 7.5 mmol H2O m- 
2 s-1 during the morning, followed by a progressive decline later in the day. In contrast, 

drought-stressed trees displayed early and sustained stomatal closure, with gs values 

around 0.05 mol H2O m-2 s-1 throughout the day. Across all measurements, gs showed a 

clear threshold-type response to Ψstem, with a marked reduction below approximately 

−0.5 MPa, whereas no consistent relationship was observed between gs and Ψleaf. This 

pattern indicates that stomatal regulation was tightly linked to whole-plant hydraulic 

status rather than to instantaneous Ψleaf value. 

Photochemical performance was moderately affected by drought. In well-watered trees, 

ΦPSII and ETR varied in parallel with gs, reflecting a close functional coordination between 

stomatal behaviour and photochemical operating efficiency under non-limiting water 

supply. Under drought, this coordination largely broke down, as gs remained uniformly 

low throughout the day and photochemical indicators showed a much weaker 

dependence on gs. When data from both treatments were considered together, 

intermediate relationships emerged, consistent with the coexistence of two contrasting 

physiological regimes. The hydraulic gradient (ΔΨ) showed only a moderate relationship 

with Ψstem and no clear association with leaf vapour pressure deficit (VPDleaf), indicating 

that ΔΨ was actively regulated rather than passively driven by atmospheric demand. 



 

The combined analysis of water potentials (Ψstem and Ψleaf), gs, hydraulic gradients (∆Ψ) 

and photochemical indicators (ΦPSII and ETR) revealed a predominantly isohydric 

response of young avocado trees under short-term drought and high atmospheric 

demand. Early and tight stomatal regulation limits transpirational fluxes, constrains the 

development of hydraulic gradients and buffers leaf water status against extreme 

evaporative conditions. In this study, the contrasting responses observed between Ψstem 

and Ψleaf, together with the early and sustained stomatal closure under drought, indicate 

that the assessment of avocado water status is strengthened by the combined 

interpretation of multiple physiological indicators, consistent with its predominantly 

isohydric behaviour. From a management perspective, these results support the cautious 

application of deficit irrigation strategies in avocado and highlight Ψstem, in combination 

with gs and photochemical indicators, as a robust physiological basis for irrigation 

decision-making under conditions of high atmospheric demand. 

Funding: This study was co-funded by the project Sostesabio IVIA-GVA 52203A (which is 

susceptible of being co-financed by the European Union through the FEDER Program 
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Valenciana (ACIF-2021/413). 
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Abstract: 

Recent advances in high-resolution automatic dendrometry have transformed how we 

quantify tree growth and water relations in situ. Traditional dendrometry, historically 

used to estimate radial increment at seasonal or annual scales, lacked the 

spatiotemporal resolution to capture the rapid, reversible dynamics of stem diameter 

associated with water storage and use. With the advent of automatic point and band 

dendrometers capable of sub-hourly measurements with sub-micrometer spatial 

resolution, researchers can now disentangle irreversible radial growth from reversible 

stem shrinkage/recovery cycles, providing a direct, continuous proxy for plant water 

status and its coupling with environmental drivers. This methodological contribution 

synthesizes theoretical foundations, instrumentation configurations, signal processing 

approaches, and case applications that highlight how dendrometers can be integrated 

into eco-physiological research. 

The central premise of high resolution dendrometry is that stem diameter variations 

(stem ΔD)are composed of two superimposed components: (1) irreversible radial growth 

— the net addition of xylem tissues via cell division and expansion, and (2) reversible 

elastic changes governed by fluctuations in water potential gradients between soil, 

xylem, phloem, and bark tissues. During periods of high transpiration demand and low 

soil water availability, stem diameter contracts as water is withdrawn from living tissues 

of the stem elastic storage compartments; overnight or under lower vapor pressure 

deficit (VPD), rehydration leads to expansion. Quantifying these dynamics allows 

researchers to infer water balance at the organ level and connect them with 

physiological processes such as stomatal regulation, hydraulic conductance, and carbon 

allocation. 
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From a methodological perspective, a key step in dendrometer-based ecophysiological 

studies is the processing and interpretation of raw diameter time series. Raw 

dendrometer signals typically contain long-term growth trends, high-frequency sub-daily 

cycles and short-term noise related to temperature or mechanical artefacts. Several 

approaches have been developed to separate irreversible growth from reversible water- 

driven variations, among which the zero-growth concept is one of the most widely used. 

This approach assumes that radial growth only occurs during periods when stem 

diameter reaches new maxima, while any subsequent decrease reflects water deficit 

rather than negative growth. Deviations from the growth baseline can thus be 

interpreted as tree water deficit, a quantitative metric that integrates the cumulative 

effect of dehydration at the stem level. Alternative signal decomposition methods, 

including smoothing splines, time-series filtering or model-based approaches, can also 

be applied depending on study objectives and data structure, but all require careful 

parameterization and validation. 

Once processed, dendrometer data allow the extraction of multiple eco-physiologically 

meaningful metrics. These include daily shrinkage amplitudes, cumulative tree water 

deficit, rates of radial growth, timing of growth onset and cessation, and indicators of 

nocturnal rehydration efficiency. Importantly, these metrics can be derived continuously 

over long periods, enabling the analysis of both short-term stress responses and longer- 

term acclimation patterns. Because stem diameter variations integrate both soil and 

atmospheric components of drought, dendrometer-derived indicators are particularly 

well suited to studying compound stress events such as heatwaves, during which high 

VPD can induce substantial stem dehydration even when soil water availability is not 

critically low. 

The methodological value of dendrometers is further enhanced when they are combined 

with complementary physiological measurements. Concurrent observations of leaf or 

stem water potential, stomatal conductance, sap flow and hydraulic vulnerability curves 

allow dendrometer signals to be mechanistically interpreted in terms of plant hydraulic 

functioning. For example, linking tree water deficit dynamics with losses of xylem 

hydraulic conductivity provides insight into the temporal relationship between stem 

dehydration and embolism formation, while coupling dendrometry with sap flow 

measurements helps disentangle the roles of transpiration demand and water supply in 

driving stem shrinkage. At the tissue level, integrating dendrometer data with indicators 

of aquaporin expression or cell turgor regulation can further clarify the contribution of 

symplastic water transport and elastic storage to observed stem diameter dynamics. 



 

Applications of automatic dendrometry in ecophysiology span a wide range of spatial 

and temporal scales. We will show examples of the use of dendrometers. In controlled 

drought experiments, dendrometers have been used to track species-specific 

dehydration trajectories and to compare hydraulic strategies across angiosperms and 

conifers and along an isohydric and anisohydric gradient. These studies demonstrate that 

the magnitude and timing of stem shrinkage relative to declines in water potential or 

hydraulic conductivity vary strongly among species, reflecting differences in wood 

anatomy, capacitance and water storage capacity. At larger scales, coordinated 

dendrometer networks installed across climatic gradients enable the detection of 

coherent stress signals during extreme climatic events. Analyses of continental-scale 

datasets have shown that severe heatwaves can induce pronounced and widespread 

stem dehydration without necessarily causing consistent reductions in annual radial 

growth, highlighting a decoupling between growth and hydraulic stress that would 

remain hidden using traditional growth metrics alone. In forest decline studies, 

dendrometers allow the detection of tree mortality several years in advance, as they act 

as early-warning signals of progressive hydraulic and physiological failure. 

Despite their clear advantages, dendrometers also present methodological challenges 

that must be carefully addressed. Temperature-induced sensor fluctuations, bark 

heterogeneity, hygroscopic effects, and mechanical instability can introduce artefacts if 

sensors are not properly installed and insulated. Moreover, stem diameter variations 

may reflect not only stem water status but also phloem osmotic adjustments, 

underscoring the importance of cautious interpretation and the use of complementary 

measurements. 

Overall, high-resolution automatic dendrometers represent a tested and versatile 

methodological tool in modern ecophysiology. By providing continuous, integrative and 

mechanistically interpretable information on growth and water relations, dendrometers 

enable researchers to move beyond static or seasonally averaged indicators and to 

capture the dynamic nature of plant responses to environmental variability. Their 

integration into experimental studies, long-term monitoring networks and multi-sensor 

platforms offers strong potential for advancing our understanding of tree function, stress 

resilience and vulnerability under ongoing climate change. 

 

 
Keywords: high-resolution monitoring, stem diameter variation, tree water deficit, 
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Abstract: 

Plant-based sensing is increasingly recognized as a valuable approach for irrigation 

management, as plants inherently integrate information from soil water availability, 

atmospheric conditions, and their own physiological status. Within this framework, a 

focusing method that preserves the frequency bandwidth of air coupled ultrasonic 

transducers was used for the analysis of thickness resonances in plant leaves. The 

primary objective was to reduce the cross section of the ultrasonic beam, enabling the 

use of non-contact resonant ultrasonic spectroscopy in species with leaves that are too 

small or morphologically irregular to be examined with non-focused beams, and the 

study of spatial heterogeneity or local gradients across the leaf surface. Our 

experimental results demonstrated that the technique maintains the original frequency 

bandwidth while decreasing the beam diameter from the typical 20–25 mm of non- 

focused transducers to less than 3 mm when flat transducers combined with off axis 

parabolic mirrors are used. Validation was performed by comparing measurements 

obtained with focused and non-focused beams in leaves of different species suitable for 

both approaches. The method was subsequently applied to characterize spatial 

variability in thickness resonances associated with anatomical heterogeneity within 

individual leaves. Finally, changes in the resonance spectra during progressive 
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dehydration were monitored in Ligustrum lucidum and Olea europaea leaves—the 

former serving as a reference due to previous studies, and the latter illustrating the 

applicability of the technique to leaves incompatible with non-focused beams. 

Keywords:  Irrigation,  Dehydration,  Thickness  resonances,  New  Technologies, 

Air-coupled transducers, Plant sensing. 
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Abstract: Developing climate-resilient wheat varieties requires combining high yield 

with stability across diverse environments, especially under increasingly variable 

precipitation and rising temperatures. This study evaluated 64 post-Green Revolution 

durum wheat cultivars under irrigated and rainfed conditions at two contrasting 

Mediterranean sites in Spain. A classification framework was developed to support 

genotype selection based on yield and yield stability, estimated using linear mixed 

models and yield slopes across environments. Genotypes were classified by 

interquartile thresholds, and those showing either low yield or low stability were 

considered undesirable for selection. High-throughput phenotyping was conducted 

throughout the season using ground-sensor Red-Green-Blue (RGB) and multispectral 

(MS) vegetation indices (VIs), along with UAV-derived RGB, MS, and thermal-infrared 

(TIR) data. VIs and TIR at anthesis and grain filling, and their differences (senescence 

proxies), were used to train Random Forests for yield and stability estimation including 

sequential feature selection. Environmental covariates (water input, reference 

evapotranspiration) were integrated in yield models, with strong outcomes (R² > 0.74; 

MAPE < 23.6%). Stability predictions were based on VI stability and, though moderate 

(R² up to 0.56; MAPE <17.75%), outperformed previous studies. Selected features were 

used to evaluate seasonal reflectance phenotypes: “keep” genotypes 

(intermediate/high yield or/and stability) exhibited early-vigor but lower green 

retention by the end of grain filling, while “discard” genotypes (low yield or/and 

stability) showed reduced early vigor and “stay-green” behavior. This study highlights 

early-vigor and earlier senescence over “stay-green” for wheat selection, offering a 
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cost-effective approach shifting the breeding focus from yield maximization to joint 

yield-stability evaluation, promoting sustainability in variable water environments. 

 

 
Keywords: Yield stability; Genotype selection; Climate resilience; Wheat; High- 

throughput phenotyping; Machine Learning. 
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Abstract: (about 2.000 words maximum) 

This study evaluates the use of microtensiometers (FloraPulse) for continuous 

monitoring of trunk water potential (Ψtrunk) in peach trees (Prunus persica L.) grown 

under two soil management systems—vegetation cover and conventional soil 

management (bare soil)—at a farmer orchard in the Region of Murcia, southeastern 

Spain. Trunk water potential data from microtensiometers was compared with stem 

water potential (Ψstem) from pressure chamber to assess the reliability and sensitivity of 

microtensiometers as an indicator of tree water status. Eight microtensiometers were 

installed in the trunk of mature trees and monitored over three consecutive years, with 

four sensors deployed in trees with vegetation cover and four in trees under bare soil 

conditions. For validation of Ψtrunk measurements, monthly Ψstem measurements were 

carried out as a reference in addition to daily patterns of in three specific dates in July, 

August, and September. In addition, soil water content (at 10 cm intervals) was 

continuously measured using capacitance probes installed down to 90 cm depth in the 

same trees where trunk microtensiometers were located. The results showed a strong 

correlation between both Ψ indicators, confirming the potential of this technology for 

precise irrigation management. Moreover, soil moisture profiles and tree water potential 

data, from both microtensiometer and pressure chamber, indicates that the water 

content of both the soil and the tree is improved in the presence of vegetation cover. 

Our finding suggests that agroecological practices such as the establishment of 

vegetation cover can positively influence soil water conservation and tree water status 

grown under semi-arid conditions. This is important in order to facilitate the adoption of 

these practices by farmers and fine-tune irrigation doses, with the possibility of saving 

water when these practices are properly implemented. 
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Abstract: 

An experiment was carried out to examine the functional variability of twelve wild olive 

(Olea europaea) genotypes from three subspecies—europaea, guanchica and 

maroccana—grown under controlled conditions at ambient (400 ppm) and elevated (800 

ppm) atmospheric CO2 and subjected to two watering regimes (well-watered and 

progressively imposed water stress). We identified genotype-specific strategies in 

response to drought under CO2 enrichment. Plants were clonally propagated, 

acclimated and grown in walk-in chambers under identical temperature, vapour pressure 

deficit, photoperiod and light intensity, differing only in atmospheric CO2 concentration; 

half of the replicates experienced a watering withdrawal in a two-step drought, reducing 

soil volumetric water content first to ~40 % of holding capacity and then to 5–10 %, while 

controls remained well watered. The experiment combined repeated measurements of 

leaf gas exchange (net photosynthesis, stomatal conductance, electron transport rate 

and dark respiration), chlorophyll fluorescence, whole-plant water consumption 

standardized by stem cross-sectional area, growth and biomass allocation (height, 

diameter, leaf area, specific leaf area, total and organ biomass fractions), and leaf 

isotopic composition (δ¹³C as an integrator of intrinsic water use efficiency and δ¹⁵N 

together with foliar nitrogen content on mass and area bases). Results showed that 

elevated CO2 generally increased net photosynthesis across most genotypes and 

improved water use efficiency both instantaneously and when integrated over time, as 
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indicated by higher δ¹³C values; elevated CO2 also reduced water consumption at leaf 

and whole-plant scales, thereby partially mitigating the negative effects of drought. 

Water stress reduced photosynthesis, stomatal conductance and electron transport 

rates, but the magnitude and nature of these responses varied markedly among 

genotypes, with the three maroccana genotypes (allohexaploid) and one europaea 

genotype (ACZ9) consistently showing higher photosynthetic rates and electron 

transport. The relationship between net photosynthesis and stomatal conductance from 

the pool of clones was positive across treatments. However, the sensitivity of 

photosynthesis to changes in conductance was greatest under elevated CO2 and water 

stress, reflecting an enhanced capacity to maintain carbon assimilation under partial 

stomatal closure. Whole-plant specific water consumption increased with soil volumetric 

water content and was generally lower under elevated CO2; the shape of the water 

consumption versus soil moisture relationship differed among genotypes, with some 

showing piecewise responses and others a more linear pattern, and elevated CO2 tended 

to reduce the slope and shift breakpoints, indicating reduced sensitivity to soil drying for 

many genotypes. Foliar nitrogen content and δ¹⁵N varied strongly by genotype and were 

influenced by CO2 and water treatments: elevated CO2 often led to lower foliar N 

(consistent with dilution or altered uptake), although maroccana genotypes maintained 

relatively high N in several cases. The significant negative correlation found between δ¹³C 

and δ¹⁵N suggests a complex coupling between carbon and nitrogen metabolism under 

the combined influence of water availability and CO2 supply. Biomass responses were 

genotype-dependent: elevated CO2 increased total biomass in many genotypes while 

drought reduced it, but higher photosynthetic rates did not always translate into greater 

biomass, particularly in maroccana where high photosynthesis and foliar N coexisted 

with smaller total biomass, implying differences in carbon allocation, maintenance costs 

or investment in non-growth functions. Principal Component analysis (PCA) clearly 

separated subspecies and treatments within trait space. This separation was primarily 

driven by two contrasting sets of variables: structural traits —such as total biomass, leaf 

area and stem diameter— versus isotopic and physiological traits, highlighting distinct 

functional syndromes among genotypes. These findings indicate that elevated 

atmospheric CO2 can act as a partial buffer against moderate drought by increasing CO2 

availability for carboxylation and reducing stomatal conductance and transpiration, 

thereby improving water use efficiency. However, this buffering is neither universal nor 

sufficient under severe stress and is modulated by nitrogen availability and genotype- 

specific physiological and allocation strategies. The observed reduction in foliar nitrogen 

under elevated CO2 highlights the potential for long-term down-regulation of 



 

photosynthetic capacity if nitrogen becomes limiting, and the negative δ¹³C–δ¹⁵N 

relationship points to tight interactions between water-saving strategies and nitrogen 

uptake or assimilation pathways. Importantly, the study emphasises strong intraspecific 

variation: genotype was the main source of variation for many morphological and 

physiological traits, and subspecies and ploidy level (with maroccana being 

allohexaploid) contributed to consistent differences in trait combinations, indicating that 

predictions of vegetation responses to future CO2 and drought scenarios must account 

for genetic diversity within species. From an applied perspective, the identification of 

genotypes that combine efficient water use and sustained carbon gain under elevated 

CO2 and drought could inform selection for resilient rootstocks or breeding programs, 

while from an ecological and modelling standpoint, the results argue for incorporating 

genotype-level variability and non-linear water consumption responses into forecasts of 

Mediterranean vegetation dynamics under climate change. In summary, the experiment 

demonstrates that elevated CO2 generally enhances water use efficiency and can 

mitigate drought impacts to some extent, but the magnitude and direction of responses 

are highly genotype-dependent and tightly linked to nitrogen dynamics and allocation 

patterns, so the future performance of wild olive populations in a CO2-enriched, drier 

climate will be heterogeneous, presenting both challenges and opportunities for 

conservation and management. 

Keywords: Climate change, CO2 enrichment, drought, δ13C, δ15C, growth, gas exchange 
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Abstract: (about 2.000 words maximum) 

Ramonda myconi is a slow-growing and long living species from the Gesneriaceae family 

that has developed remarkable strategies to overcome water scarcity. Due to this ability, 

it is considered a resurrection plant and is one of the few desiccation-tolerant 

angiosperms in Europe. Desiccation tolerant plants undergo extreme water loss (relative 

water content < 10%) in their photosynthetic tissues without suffering serious damage 

or losing its metabolic function when the tissues are again rehydrated. Desiccation- 

induced mechanisms preserve cellular structures and limit and repair cell damage that 

takes place during desiccation and rewatering. Although the physiological mechanisms 

underlying desiccation tolerance in R. myconi have already been addressed, its response 

to desiccation under elevated atmospheric carbon dioxide conditions (eCO2), which is 

forecasted to double its atmospheric concentration by the end of the century, remains 

unexplored. 

Since, as established for other species, eCO2 tends to reduce stomatal conductance and 

increase photosynthetic rate, the present study aimed at evaluating the effects of eCO2 

on R. myconi (i) in the hydrated state and (ii) upon a desiccation/rehydration cycle. 

We hypothesize that R. myconi is able to take advantage of eCO₂ by delaying desiccation 

and by aiding desiccation tolerance mechanisms which are energetically costly. However, 

as R. myconi shows low net CO2 assimilation rates, the aforementioned positive effects 

could not be effective. Furthermore, a delay in the length of desiccation process could 

have a deleterious effect. 

To achieve these objectives, we collected adult plants of similar size in a natural 

population and acclimated them for 3 weeks in a growth chamber, under ambient (420 
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ppm) and eCO2 (750ppm). After acclimation period, we performed a controlled 

dehydration/rehydration cycle. Pot water content and changes in rosette area were 

measured regularly during the experiment. Gas exchange parameters were measured, 

and leaf samples were collected for photosynthetic pigment analysis before and after 

desiccation treatment. 

Our results show that R. myconi indeed responded to eCO2 since it influenced both 

desiccation and rehydration processes; (i) desiccation slowed under eCO₂ conditions, 

likely due to stomatal closure and reduced transpiration and (ii) eCO2 increased 

photosynthesis and probably sugar availability, however, not influencing pigment 

composition nor before desiccation neither after rehydration, showing that as a 

homoiochlorophyllous plant, the photosynthetic machinery recovers rapidly after 

desiccation. Overall, these results suggest a significant alteration of the physiological 

responses to desiccation of resurrection plants in the context of future atmospheric 

conditions. 

Keywords: (about 6 words): 

Acclimation, Desiccation tolerance, Elevated CO₂, Ramonda myconi and Resurrection 

plant. 
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Abstract: 

Background and Aims 

Sustainable viticulture faces increasing pressure from climate change-induced drought, 

which severely limits plant growth and productivity. To mitigate these abiotic constraints, 

plant growth-promoting rhizobacteria (PGPR) have been proposed as a sustainable tool 

to improve crop performance under limited water availability. PGPR are naturally 

occurring soil bacteria that could stimulate vegetative growth, enhance development, 

and increase resistance to stresses (Batool et al. 2020). Different genera have been 

identified as PGPR that promote drought tolerance in grapevine through a variety of 

interconnected physiological, biochemical, molecular, nutritional, metabolic, and 

cellular processes (Dagher et al., 2025). Among these genera, some strains of 
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Enterobacter spp. have proven particularly effective in ungrafted vines improving 

biomass accumulation, relative water content, and photosynthetic rates (Duan et al. 

2021). Despite the importance of vines worldwide, and especially in the Mediterranean 

region, studies on promoting plant growth or abiotic stress tolerance in vines are 

relatively unexplored, and new PGPR resources still need to be identified to address 

stress associated with climate change, such as water deficit. Furthermore, in Europe, 

rootstocks are crucial components of viticultural adaptation strategies and interact 

directly with soil bacteria. Therefore, the objective of this study was to investigate how 

inoculation with Enterobacter sp. influences the physiological, water-related, and growth 

parameters of Vitis vinifera L. ‘Merlot’ grafted onto two rootstocks with contrasting 

behaviors, the drought-tolerant R110 and the drought-sensitive SO4, under different 

water availability regimes. 

Methods 

The study was conducted under greenhouse conditions at the University of the Balearic 

Islands from March to May 2024. 32 plants grafted onto R110 and 32 onto SO4 

rootstocks were grown in 5 L pots filled with a sterilized mixture of peat, sand, and perlite 

(2:1:1). Plants were randomly relocated weekly to prevent positional growth effects. Two 

weeks after potting, half of the plants of each rootstock were inoculated with 70 ml of 

Enterobacter sp. solution at an optical density of 107 CFU/ml. Thirty days after 

inoculation, the irrigation was reduced until 30% of field capacity was reached in half of 

the plants of each bacteria treatment (+PGPR/-PGPR), establishing two irrigation 

treatments, well-watered (WW) and water stress (WS), resulting in eight different 

treatments or combinations. 

Plant height and stem diameter were measured using a 1.5 m ruler and a digital caliper 

once a week. Gas exchange (net photosynthesis (An), stomatal conductance (gs), and 

intercellular CO2 concentration (Ci)) and chlorophyll fluorescence (PhiPS2, ETR), 

measured using an LI-6400XT infrared gas analyzer. Additionally, stem water potential 

(s) was measured between 13:00 and 15:00 with a Scholander pressure chamber after 

equilibrating leaves in dark bags for at least one hour. At the end of the experiment, total 

growth, total leaf area and biomass parameters (leaves, shoots, roots) were determined. 

Finally, biochemical analyses were conducted on leaf samples stored at -80°C, utilizing 

the Bradford method for protein quantification at 595 nm and the Lichtenthaler and 

Wellburn method for chlorophyll extraction (Lichtenthaler & Wellburn, 1983). 

Data was analyzed using a combination of multivariate and univariate statistical 

approaches. A global Factor Analysis of Mixed Data (FAMD) was performed to explore 



 

overall phenotypic variation and assess the structuring effect of rootstock. Subsequently, 

two-way ANOVA was conducted separately for each rootstock to evaluate the effects of 

water availability, PGPR inoculation, and their interaction. Additional FAMD analyses 

were carried out within each rootstock to identify the main drivers of variation 

associated with water regime and PGPR treatment. 

Key Results 

 
A global Factor Analysis of Mixed Data (FAMD) revealed that rootstock strongly 
structured phenotypic variation, clearly separating R110 and SO4 along the first 
dimension (p < 0.05). In both rootstocks, two-way ANOVA revealed that the most 
decisive factor was water availability, although the magnitude and affected variables 
were genotype dependent. In R110, water deficit caused significant decreases in plant 

water status (s), An and gs, thereby affecting growth and total biomass. The effect of 
PGPR inoculation and interaction with water stress was less pronounced, but significant 
and independent improvements in photochemical efficiency (PhiPS2 and ETR) were 
observed. In addition, an interaction with WS was observed, with an increase in root 
biomass only under WW conditions and a decrease in water use efficiency (WUE) under 
stress conditions. This decrease in WUE is probably associated with a more anisohydric 
behavior under stress conditions of the inoculated plants. 

In contrast, for the SO4 rootstock, the effect of inoculation was significant in very few 
variables, and a greater number of variables were affected by the interaction between 
water availability and bacterial inoculation. Under stress (WS), inoculated plants 
developed less leaf biomass, whereas under irrigation (WW), the bacteria significantly 
increased this parameter. In addition, inoculation had a more conservative effect, 
decreasing stomatal conductance under irrigation conditions, negatively affecting 
photosynthesis, but did not show this effect under WS. No positive effect was observed 
in the fluorescence parameters (PhiPS2 and ETR) as occurred in R110. 

When we analyzed each rootstock separately using FAMD, we found that the first 
dimension was linked to growth and structural traits influenced by water. The second 
dimension captured physiological responses related to PGPR. Interestingly, in both 
rootstocks, drought-stressed plants treated with PGPR began to resemble well-watered 
plants, suggesting that PGPR can help reduce some negative effects of drought, but in 
these effects and the magnitude depended on the rootstock. 
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Abstract: 

One of the major issues that limits global productivity of major crops is drought. A 

common, safe and environmentally friendly practice to increase crop yield and/or 

protect plants from abiotic stress is based on the use of microbial-based biostimulants 

(Morcillo et al., 2022). We found that soil application of different fungal Cell-free culture 

filtrates (CFs) not only stimulated root growth, induced fruit production and increased 

the number of commercial fruits per plant and yield but also strongly enriched the 

population of Pseudomonas mediterranea and Geotrichum candidum (Baroja-Fernández 

et al. 2021), which has been shown to act as a plant growth promoter that solubilizes 

mineral phosphate, fixes nitrogen, produces siderophores, synthesizes hormones (e.g. 

IAA and CKs) and/or antagonizes microbial phytopathogens (George et al. 2019; Chen et 

al., 2020; Gu et al. 2020). We hypothesize that soil inoculation of these microbial species 

enhances drought tolerance and increases fruit yield and quality of tomato plants. The 

objective of this word was to evaluate whether the responses of plants to soil application 

of CFs are direct or mediated by changes in the composition of the soil microbiota. 

Therefore, we characterized the response to soil application of CFs from Penicillium 

aurantiogriseum and inoculation of P. mediterranea and G. candidum on fruit yield and 

quality of tomato plants culture under optimal and reduced irrigation. All treatments 

improved fruit quality, both in control and water deficiency. Higher tomato yields were 

observed under water stress conditions in all treatments. However, although soil 

inoculation with these microorganisms improved tomato resilience to water deficiency, 

their effect was smaller than the observed when CFs were applied. These data indicate 

that the observed improvement of fruit yield and quality of plants treated with CFs only 
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can be partly due to activation of these microorganisms. The molecular mechanisms 

involved are under investigation. 

Baroja-Fernández E, et al. (2021) Front. Plant Sci. doi: 10.3389/fpls.2021.752653 

Chen Y, et al. (2020) Microbiome 8,4. doi: 10.1186/s40168-019-0775-6 

George TK, et al. (2019) J. Microbiol. Biotechnol. Food Sci. 9, 267–272. doi: 

10.15414/jmbfs.2019.9.2.267-272 

Gu Y, et al. (2020) Microorganisms 8:334. doi: 10.3390/microorganisms8030334 
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Abstract: (about 2.000 words maximum) 

Maize is one of the major cereal crops worldwide, with annual production of over 

one trillion tons (FAOSTAT, 2019) and it is expected to double its demand by 2050 (Lobell 

et al., 2008). However, abiotic stresses such as drought or nutrient limitations have a 

negative impact on plant growth and development, considerably reducing the 

productivity of crops such as maize (Daryanto et al., 2016; Gupta et al., 2020). Global 

warming and reduced rainfall are leading to frequent episodes of drought globally, 

causing a serious impact on crop growth and productivity (Lesk et al., 2016; Cheng et al., 

2021). Potassium (K) is an essential element with multiple vital roles in plants: 

osmoregulation, ion homeostasis, enzyme activation, and sugar transport (Zhang et al. 

2023). It is also involved in abiotic stress tolerance, particularly drought, but not 

exclusively, due to its role in stomatal movements (Mulet et al., 2023). When plants are 

subjected to water-limited conditions, it causes tissue dehydration. At the same time, 

the uptake of essential nutrients such as K is limited due to the reduced uptake of water 

by roots. Hence, to guarantee food production in the near future for an everincreasing 

world population, it is necessary to find sustainable approaches to keep maize crop 

productivity under stressful conditions (Gupta et al., 2020; Trenberth et al., 2014). It is 

well known that both arbuscular mycorrhizal fungus (AMF) and plant growth promoting 

rhizobacteria (PGPR) are able to increase water uptake capacity and tissues water 

content of the host plants under optimal or stressed conditions, including drought, thus 

favoring also the uptake of nutrients (Romero-Munar et al. 2023; Kudoyarova et al. 

2024). Thus, in this investigation we evaluated the role of an AMF and a PGPR in coping 

potassium (K) deficiency in the growing medium in combination with drought stress. 
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Maize plants were cultivated on a semi-hydroponic system based on a sandy 

substrate irrigated with 50 ml of Hoagland nutrient solution on alternate days. The 

nutrient solution was altered to provide either a deficient K level (0.3mM K) or the 

normal K content (6mM K). Plants remained as uninoculated controls (C) or were 

inoculated either with the AM fungus Rhizophagus irregularis (AM), the PGPR Bacillus 

megaterium (Bm) or a combination of both microorganisms (AM+Bm). Two weeks after 

harvest half of plants were subjected to a drought stress (DS) period (14 days) by 

reducing the amount of Hoagland nutrient solution to the half (25 ml on alternate days), 

while providing the same level of nutrients than the well-watered (WW) plants that 

continued receiving the normal volume of Hoagland nutrient solution (50 ml). At 

harvest, symbiotic development, plant biomass production, nutrient accumulation, 

plant gas-exchange parameters, efficiency of photosystem II, osmotic and hydrostatic 

root hydraulic conductivities, oxidative damage to lipids and expression of K transporter 

genes were determined. 

AM root colonization was high in all inoculated treatments (on average a 70% of 

mycorrhizal root length), regardless of the K level or water regime. AM colonization was 

not significantly affected by co-inoculation with Bm. 

Results showed that K level had a great effect on plant development. Thus, under 

K-deficiency all treatments grew considerably less than plants cultivated under normal 

K level. Also drought stress reduced plant growth in all cases. Moreover, the 

combination of both stresses had the highest detrimental effect on plant development. 

Thus, uninoculated control plants and those inoculated only with Bm showed the lowest 

plant development, both under K deficiency and under normal K level, especially when 

combined with drought stress. The inoculation with Bm enhanced plant growth when 

plants were cultivated under well-watered conditions (by 18% under K deficiency and by 

10% under normal K). Under drought stress no significant differences between controls 

and Bm plants were found. Mycorrhization alone (AM) or in combination with Bm 

(AM+Bm) enhanced plant growth in all cases, as compared to uninoculated controls. 

Under K deficiency the increase was up to 43% for well-watered plants and up to 62% 

for droughted plants. Under normal K the increase was up to 63% for well-watered 

plants and up to 53% for droughted plants. Moreover, under K deficiency AM or AM+Bm 

plants equalized the growth rate of control and Bm plants cultivated under normal K 

level. Under normal K (6mM) AM+Bm plants exhibited the highest plant growth rate 

when cultivated under well-watered conditions. Under such conditions the dual 

inoculation was more effective than mycorrhization alone. 



 

However, when plants were subjected to drought stress no significant differences were 

found between AM and AM+Bm plants, regardless of the K level. A similar trend was 

observed on the whole plant dry weight, when the root dry weight was also considered. 

We also analyzed gas exchange parameters. Net photosynthetic activity was not 

affected by the K level in the medium. In contrast, it was greatly affected by the microbial 

treatment and water regime. Thus, AM and AM+Bm treatment exhibited the highest 

photosynthetic activity as compared with controls or plants inoculated only with Bm. 

Drought stress significantly decreased this parameter in controls and Bm plants, while 

no reduction or a slight reduction was found in AM and AM+Bm plants. A very similar 

trend was found for stomatal conductance and transpiration rate, with the only 

exception that transpiration rate was lower at 6mM K than under K deficiency. 

The efficiency of photosystem II was similar in all treatments when plants were 

cultivated under well-watered conditions. However, when plants were subjected to 

drought stress this parameter decreased considerably in control uninoculated plants 

and in plants inoculated only with Bm (both under K deficiency and under normal K 

level). In contrast, in plants inoculated with AM or with AM+Bm, the decrease was not 

significant. 

Regarding oxidative damage to lipids, this parameter was enhanced by drought 

stress exposure only in uninoculated control plants (both under K deficiency and under 

normal K level) and in those inoculated only with Bm subjected to K deficiency. The 

inoculation with the AM fungus alone or in combination with Bm prevented the increase 

of oxidative damage to lipids in all cases. 

We measured some hydraulic parameters in plants, such as osmotic root 

hydraulic conductivity (Lo) and hydrostatic root hydraulic conductivity (Lpr). Lo reached 

its maximum level under K deficiency in AM plants cultivated under well-watered 

conditions. A slight decrease in Lo was observed in AM+Bm plants but in any case, both 

AM and AM+BM plants exhibited higher Lo values than uninoculated controls or plants 

singly inoculated with BM, both under well-watered and under drought stress 

conditions. Under normal K level (6mM) the global Lo values were lower than under K 

deficiency, probably because these plants grew considerably more than K-deficient 

plants and their root system were considerably higher, thus reducing conductivity 

values. Under these condition, the effects of AM and Bm on Lo were less significant than 

under K deficiency. 



 

Lpr values were also higher under K deficiency than under normal K, probably by 

the same reason than for Lo since roots were considerably higher in plants grown under 

normal K and conductivity values are expressed on a root weight basis. The highest Lpr 

values were found in AM plants cultivated under well-watered conditions and K 

deficiency, followed by AM+Bm plants and by Bm plants cultivated under the same 

conditions. Drought stress significantly decreased Lpr values. Under normal K level, AM 

and AM+Bm plants also exhibited the highest Lpr values, as compared to uninoculated 

controls or plants inoculated with Bm alone. Under drought stress AM and AM+Bm 

plants maintained higher Lpr values than uninoculated controls or plants inoculated with 

Bm alone. 

Results of this study showed a positive effect of dual inoculation with R. 

irregularis and B. megaterium on maize plants subjected to combined drought plus K 

deficiency stresses. This positive effects allowed maize plants to maintain high levels of 

root hydraulic conductivities even under the stressful conditions and to keep 

photosynthetic values. At the same time, these effects allowed maize plants to avoid 

oxidative stress due to the combined drought plus K deficiency and all these processes 

translated into a higher plant biomass production. Other data still under evaluation, 

such as plant nutrient accumulation or expression of K transporter genes, should shed 

further light on the mechanisms involved in the alleviation of these stresses by the 

microorganisms inoculated. In any case, results demonstrate that the dual inoculation 

of these microorganisms can be a useful tool to maintain maize productivity under 

combined drought plus K deficiency. 

 

 
Keywords: Arbuscular mycorrhizal symbiosis, drought stress, plant growth promoting 

rhizobacteria, plant tolerance, potassium deficiency 

 

 
Bibliography 

Cheng S.; Zou Y.-N.; Kuc K.; Hashem A.; Abd-Allah E.-F.; Wu Q-S. (2021). Elucidating the 

mechanisms underlying enhanced drought tolerance in plants mediated by 

arbuscular mycorrhizal fungi. Front. Microbiol. 23: 809473. 

Daryanto S.;E Wang L.; Jacinthe P.A. (2016). Global synthesis of drought effects on maize 

and wheat production. PLoS One 11: e0156362 



 

FAOSTAT. (2019). Food and Agriculture Organization of the United Nations (FAO), FAO 

Statistical Databases. Retrieved February 14, 2019, from 

http://www.fao.org/faostat/en/#data/QC. 

Gupta A.; Rico-Medina A; Caño-Delgado A.I. (2020). The physiology of plant responses 

to drought. Science 368: 266-269. 

Kudoyarova G.; Arkhipova T.; Vaselov D. (2024). Water relations in plants treated with 

growth promoting rhizosphere bacteria. Plant Soil 494: 51-72. 

Lesk C.; Rowhani P.; Ramankutty N. (2016). Influence of extreme weather disasters on 

global crop production. Nature 529: 84-87. 

Lobell D.B.; Burke M.B.; Tebaldi C.; Mastrandrea M.D.; Falcon W.P; Naylor R.L. (2008). 

Prioritizing climate change adaptation needs for food security in 2030. Science 319: 

607-610. 

Mulet J.M.; Porcel R.; Yenush L. (2023). Modulation of potassium transport to increase 

abiotic stress tolerance in plants. J. Exp. Bot. 74: 5989-6005. 

Romero-Munar A.; Aroca R.; Zamarreño A.M.; García-Mina J.M.; Pérez-Hernández N.; 

Ruiz-Lozano J.M. (2023). Dual inoculation with Rhizophagus irregularis and Bacillus 

megaterium improves maize tolerance to combined drought and high temperature 

stress by enhancing root hydraulics, photosynthesis and hormonal responses. Int. J. 

Mol. Sci. 24: 5193. 

Trenberth K.E.; Dai A.; van der Schrier G.; Jones P.D.; Barichivich J.; Briffa K.R. et al. 

(2014). Global warming and changes in drought. Nature Clim. Chan. 4: 17-22. 

Zhang M.; Hu Y.; Han W.; Chen J.; Lai J.; Wang Y. (2023). Potassium nutrition of maize: 

uptake, transport, utilization and role in stress tolerance. Crop J. 11: 1048-1058. 

http://www.fao.org/faostat/en/%23data/QC


 

Foliar nutrient dynamics and salinity-ion build-up in olive and almond 

under reclaimed water and deficit irrigation: a three-season factorial 

study 

Alejandro Martínez-Moreno1*, Juan Jose Alarcón1, Giuseppe Lopriore, Salvatore 

Camposeo, Anas Tallou3, Francesco Abbatantuono2 and Gaetano Alessandro Vivaldi2 

*Correspondence: martinezamoreno@gmail.com 

1Department of water and plant production Irrigation, CEBAS-CSIC, Campus Universitario de Espinardo, 

30100, Murcia, Spain. 

2Dipartimento di Scienze del Suolo, della Pianta e degli Alimenti (DiSSPA), Università degli Studi di Bari 

Aldo Moro, Via Giovanni Amendola 165/A, 70126 Bari, Italy. 

3Efficient Use of Water in Agriculture Program, Institute of AgriFood, Research and Technology (IRTA), 

Cabrils Center, Barcelona, Spain. 

Abstract: Agriculture consumes approximately 70% of global freshwater resources (Ben 

Hassena et al., 2018); however, the sector is increasingly constrained by land 

degradation and declining water availability due to groundwater overexploitation, soil 

salinization, and erosion. Over the last decade, climate change has intensified these 

limitations, with a global average temperature increase, accompanied by more irregular 

rainfall patterns and more frequent extreme events, as reported by the European 

Environment Agency (EEA, 2019). These shifts reduce water availability for irrigation, 

disrupt crop phenology, and ultimately crop productivity. In Mediterranean regions, 

these pressures intersect with a major structural transformation of perennial systems: 

crops traditionally managed under rainfed conditions (e.g., olive and almond) are 

increasingly being converted into intensive and super-intensive orchards supported by 

irrigation, a transition aiming to maximize profitability and productivity compared with 

traditional rainfed management. In this context of growing water scarcity and 

competition for freshwater, the adoption of non-conventional water resources, such as 

saline waters and reclaimed water (RW), is accelerating (Romero-Trigueros et al., 2019), 

and the use of desalinated and reclaimed water is becoming increasingly necessary to 

sustain irrigation and improve water management under climate-change scenarios. 

Furthermore, different sustainable irrigation management strategies, such as regulated 

deficit irrigation (RDI), may support production and increase water use efficiency (WUE), 

making agriculture resilient to climate change (Lorite et al. 2018). The objective of this 

study was to evaluate, over three consecutive seasons, the effects of different irrigation 

regimes on the foliar nutritional status of olive (‘Arbosana’) and almond (‘Guara’). 
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We quantified seasonal dynamics of macro- and micronutrients and the accumulation of 

salinity toxicity-related ions in plant tissues to identify nutrient imbalances and potential 

phytotoxic build-up, and to derive management guidelines for water selection and 

irrigation strategy under water-limited conditions. A 2 × 2 × 2 factorial experiment was 

conducted combining two species olive ‘Arbosana’ vs. almond ‘Guara’, two irrigation 

water quality (DESERT water, DW; ECw ≃ 1.0 dS m⁻¹ vs. reclaimed water, RW; ECw ≃ 3.0 

dS m⁻¹), and two irrigation regimes, full irrigation (FI) and regulated deficit irrigation 

during the kernel filling (RDI). DESERT water is desalinated reclaimed wastewater 

produced by the DESERT prototype (a low-cost, solar-assisted compact desalination 

module that treats secondary efluent via ultrafiltration, activated carbon, and reverse 

osmosis, to obtain irrigation water with an ECw of approximately 1.0 dS m⁻¹). 

Over the three consecutive campaigns, foliar macronutrient (N, P, K, Ca, Mg) and 

micronutrient (Fe, Mn, Zn, B) concentrations exhibited strong inter-annual and intra- 

seasonal variability, with a consistent tendency towards higher nutrient levels in almond 

relative to olive. The most repeatable response to reclaimed water (RW) irrigation was 

the enhanced accumulation of salinity-related ions, particularly Na⁺ and Cl⁻, a response 

that was amplified under regulated deficit irrigation (RDI) and was more pronounced in 

almond. Moreover, boron showed a systematic upward trend under RW and/or RDI, 

reaching approximately 30 mg·kg⁻¹ in olive and 59 mg·kg⁻¹ in almond. The dynamics of 

anions (NO₃⁻, SO₄²⁻, PO₄³⁻) displayed a clear seasonal pattern, compatible with 

concentration effects driven by reduced plant water status and the ionic composition of 

the irrigation water. Collectively, these findings support the agronomic feasibility of RW 

use, but highlight the need for deficit irrigation strategies to be implemented cautiously, 

together with crop- and species-specific monitoring of Na⁺/Cl⁻/B to prevent progressive 

tissue accumulation and associated nutritional imbalances and phytotoxicity risks. 
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European Environment Agency: Copenhagen, Denmark, 2019; p. 112. ISBN 
9789294800725. 
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Grapevine (Vitis vinifera L.) is an economically important crop worldwide, whose 

productivity and sustainability are strongly constrained by plant water relations. Ongoing 

climate change is increasing the frequency and severity of drought events, leading to 

limitations in water availability that directly affect stomatal regulation, transpiration, 

photosynthesis, and water use efficiency, and eventually impacting grape production. 

The use of microbial inoculants at the soil level represents a promising strategy to 

enhance plant resilience under drought stress. Arbuscular mycorrhizal fungi (AMF) are 

known to enhance plant nutrient and water acquisition, as well as improving hydraulic 

conductivity, and contributing to stomatal regulation and drought tolerance. Dark septate 

endophytes (DSE) are a heterogeneous group of soil-inhabiting fungi that also establish 

symbiosis with plant roots. Although less studied than AMF, they have been reported to 

influence plant water status, stress tolerance, and physiological performance under 

limiting environmental conditions. 

Co-occurrence of both endophytes is common in roots where they might interact 

synergistically, especially under water scarcity, but their inoculation in grapevines for 

enhancing drought tolerance has not been investigated yet. We aimed to evaluate the 

effect of single and combined inoculation of the AMF Rhizophagus irregularis (R. 

irregularis) and the DSE Aureobasidium pullulans in two grapevine rootstocks (Folla 

redonda-FR and Richter 110-R110) subjected to optimum and deficit irrigation. Plants 

were grown in 3 L pots with a mixture of sand: peat (5:1 v:v) as substrate and growing 

under semi-controlled conditions. Five months after inoculation, we measured gas 
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exchange parameters such as: net photosynthetic rate (A), transpiration (E), stomatal 

conductance (gs) and calculated water use efficiency (WUE) as the ratio A/E. 

Both rootstocks reacted differently to drought and endophyte inoculation. Folla redonda 

was the more sensitive rootstock overall to deficit irrigation, showing significant 

reductions in gs, and E. However, it was also the rootstock that benefited the most from 

the R. irregularis inoculation and R.irregularis-A.pullulans co-inoculation, with gas 

exchange parameters, especially A, being more evident under deficit irrigation with 

respect to the well-watered treatment plants. Moreover, R. irregularis inoculation under 

deficit irrigation significantly increased WUE. For this rootstock, under optimal irrigation, 

E increased with all inoculum type compared to the control, while under deficit irrigation 

this increase was only seen with the co-inoculation of the two microorganisms. 

On the other hand, in R110, R. irregularis inoculation led to a significant increase in A 

and E with respect to non-AMF inoculation independently of the water regime. However, 

A. pullulans inoculation modulated R110 physiological responses in a water-regime– 

dependent manner, increasing A, gs, E and WUE under deficit irrigation conditions - 

where plants were functionally constrained - while under optimal irrigation conditions it 

induced a more conservative strategy, reducing CO₂ and water fluxes, likely due to fine- 

tuned stomatal regulation and the carbon cost of the symbiosis. 

In conclusion, the effect of irrigation and microbial inoculation seem to be highly 

dependent on the rootstock. Folla Redonda was the rootstock more sensitive to water 

deficit and the one showing the strongest positive response to inoculation with R. 

irregularis or to coinoculation with R. irregularis–A. pullulans. In the R110 rootstock, A. 

pullulans inoculation helped compensate for water-related constraints under deficit 

irrigation, whereas under optimal irrigation it affected leaf gas exchange and water 

relations by inducing a more conservative physiological strategy. This suggests that co- 

inoculation of R. irregularis and A. pullulans could yield promising results for agricultural 

applications under the environmental threat of drought. 

Grapevine / leaf gas exchange / water use efficiency / drought stress / Arbuscular 

mycorrhizal fungi / Dark septate endophytes 
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Abstract: Drought and rising atmospheric CO₂ are major constraints for crop 

performance, highlighting the need for strategies that enhance plant water-use 

efficiency. γ-Aminobutyric acid (GABA) has emerged as a potential regulator of stress 

responses, yet its role in drought acclimation under different CO₂ concentrations remains 

unclear. 

Here, we evaluated the effects of GABA pretreatment on plant water relations and 

metabolism in two tomato genotypes differing in abscisic acid content (AC and flacca), 

subjected to progressive soil drying under ambient (400 ppm) and elevated (800 ppm) 

CO₂. GABA pretreatment reduced water consumption in both genotypes under both CO₂ 

and watering conditions, but increased leaf water potential only in flacca. Theses 

physiological responses could be associated with genotype dependent metabolic 

reprogramming. 

Overall, our results indicate that GABA priming promotes water-saving strategies 

through a fine-tune stomatal regulation and metabolic adjustment, contributing to 

improved drought acclimation under contrasting CO₂ environments. 

Keywords: γ-aminobutyric acid; abscisic acid; Drought stress; CO₂ concentrations; 

Solanum lycopersicum. 
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Abstract: 

 
Introduccion 

La reducción de la disponibilidad hídrica y las restricciones a fertilización en la agricultura 

mediterránea obligan a redirigir el manejo del riego desde calendarios empíricos hacia 

decisiones informadas por datos. COOP 4.0 es un proyecto demostrativo multi-cultivo y multi-

entorno que integra sensores de humedad del suelo, plataformas de teledetección e 

indicadores del estado hídrico y nutricional de la planta que tiene como objeto incrementar la 

eficiencia en el uso del agua sin comprometer la productividad y, cuando procede, optimizar 

la calidad del producto (vino), así como racionalizar el uso de nitrógeno (incluida la 

comparación entre purines y urea con inhibidores de nitrificación) en sistemas reales de 

cooperativas navarras. 

Objetivos 

Objetivo general: implantar tecnologías de agricultura de precisión para optimizar el riego y 

racionalizar la fertilización en explotaciones agrarias de Navarra, aumentando la eficiencia de 

recursos y la rentabilidad. 

Objetivos específicos: 

1. Maíz: cuantificar el ahorro de agua y la eficiencia en el uso de nitrógeno bajo riegos 

dirigidos por sondas de humedad y fertilización de dosis variable en suelos de distinta 

textura. 
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2. Viñedo: identificar pautas de riego (frecuencia/volumen) por variedad (garnacha, 

tempranillo) y tipo de suelo. 

3. Hortícolas ecológicos (tomate de industria, bróculi) y frutal (melocotón): implementar 

riego sectorizado y telecontrol con sondas y estación meteorológica, comparado con 

testigos de manejo tradicional, en parcelas con fuerte heterogeneidad edáfica. 

Diseño experimental y sitios de estudio 

El proyecto se desarrolla en tres cooperativas de Navarra: Valdevilloco (maíz, Miranda de 

Arga), Agrícola de Artajona (viñedo, Artajona) y Centex Agrícola Ganadera (hortícolas 

ecológicos y melocotón, Castejón). Se establecen parcelas demostrativas con testigos 

gestionados según prácticas habituales y tratamientos con riegos y (cuando aplica) 

fertilización ajustados por datos. En maíz se comparan tres estrategias de fertilización con 

dosificación variable basadas en analíticas de suelo, teledetección y mapas de vigor; en viña 

se combinan tres pautas de riego por variedad y suelo; en hortícolas/frutales se implementa 

riego individualizado por sectores con telecontrol. 

Conclusiones 

Los resultados preliminares del proyecto COOP 4.0 muestran que la integración de sondas de 

humedad del suelo, estrategias de riego ajustadas y herramientas de biomonitorización 

permite detectar de forma consistente diferencias en el estado hídrico y nutricional de los 

cultivos en función del tipo de suelo, el manejo del riego y, en el caso del maíz, la estrategia 

de fertilización. En maíz, los contrastes entre suelos ligeros y arcillosos, junto con la aplicación 

de fertilización variable (purín, urea inhibida y manejo habitual), se reflejaron en diferencias 

claras en indicadores fisiológicos y bioquímicos evaluados en floración y envero, evidenciando 

una respuesta diferencial del cultivo al manejo hídrico-nutricional. En viñedo, tanto en 

garnacha como en tempranillo, las distintas estrategias de riego (reducción e incremento 

respecto a la recomendación técnica) generaron respuestas contrastadas en el estado hídrico 

de la planta en floración y envero, poniendo de manifiesto la sensibilidad varietal y edáfica al 

manejo del agua. En los sistemas hortícolas y frutales ecológicos, la sectorización del riego y 

su ajuste en base a sensores permitió identificar una elevada heterogeneidad intra-parcela en 

cultivos como tomate y melocotón, subrayando el potencial del riego individualizado para 

optimizar el uso del agua. En conjunto, los resultados confirman la utilidad de combinar 

sensórica de suelo, fenotipado proximal y aéreo y muestreos fisiológicos como herramientas 

complementarias para mejorar la toma de decisiones en el manejo del riego bajo condiciones 

reales de cultivo. 

Financiación: 

Este proyecto está financiado por el Gobierno de Navarra, con cofinanciación de la Unión 

Europea a través del Fondo Europeo Agrícola de Desarrollo Rural (FEADER).  

  



 

Biochar Enhances Water Status and Physiological Performance in Durum 

Wheat under Drought Stress 

Tahreem Ahmed1,3, María Varona1, Jose F Moran1, Javier Buezo1, Mariapina Rocco3 & Esther 

M González2  

*Correspondence: t.ahmed@studenti.unisannio.it 
1Institute for Multidisciplinary Research in Applied Biology (IMAB), Department of Sciences, Public University of 

Navarre (UPNA), Avda. de Pamplona 123, 31192 Mutilva, Spain 
2Institute for Multidisciplinary Research in Applied Biology (IMAB), Department of Sciences, Public University of 

Navarre (UPNA), Campus de Arrosadia s/n, 31006 Pamplona, Spain 
3Department of Science and Technology, University of Sannio, Via de Sanctis, 82100 Benevento, Italy 

 
Abstract:  

Water deficit is a major constraint on global wheat production, markedly impairing plant water 

relations, photosynthetic performance, and biomass accumulation. Among emerging soil 

amendment strategies, biochar has gained increasing attention for its capacity to enhance soil 

water retention and improve crop tolerance to drought. In this study, we investigated the 

effects of a 5% (w/w) biochar application on two contrasting durum wheat (Triticum turgidum 

ssp. durum) cultivars: Saragolla (a resilient landrace) and Svevo (a modern elite variety), grown 

under well-watered and 50% water-stressed conditions. 

Drought stress significantly reduced leaf water content, transpiration rate, relative chlorophyll 

content, leaf water potential, and leaf osmotic potential in both cultivars compared with their 

respective control groups, confirming the pronounced physiological sensitivity of the cultivars 

to drought during the early vegetative growth phase. However, biochar incorporation 

substantially mitigated the negative effects of drought by maintaining significantly higher 

transpiration rates and chlorophyll content, together with improved leaf water and osmotic 

potential, indicating enhanced maintenance of cellular hydration and photosynthetic 

functionality. 

 

Under well-watered conditions, 5% biochar application alone did not significantly alter leaf 

water content; however, other physiological traits improved. Although both cultivars benefited 

from biochar under water-limited conditions, differences in the magnitude of response 

highlighted genotype-dependent sensitivity to soil amendment. Overall, biochar application 

alleviated drought-induced physiological impairments, underscoring its potential to enhance 

wheat resilience under water-limited conditions. 

 

Keywords: Durum Wheat, Drought Stress, Biochar, Plant Water Relations, Osmotic Potential, 

Chlorophyll Content 
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