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Effect of Silicon Application on Peach Tree Responses to Water Stress
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Abstract
Water deficits during the first years after planting fruit trees can impact future productivity by reducing veg-
etative growth and canopy development. Previous studies have shown that silicon (Si) application enhances 
plant tolerance to abiotic stresses such as drought, specifically improving growth, nutrient uptake, and physio-
logical mechanisms related to water status and leaf anatomy. Therefore, this study aimed to evaluate the effect 
of Si on water status, sap flow, gas exchange, and potassium (K) and nitrogen (N) uptake in young peach trees 
under water stress. The experiment was conducted with young peach trees under greenhouse conditions using 
a completely randomized block design with four treatments: two water regimens (well-watered at 100% and 
water-stressed at 50% of evapotranspiration requirements) combined with two Si  concentrations (0 or 20 mg 
L-1) foliar sprayed. Si application enhanced water status in water-stressed trees, although this improvement 
was not associated with changes in sap flow, gas exchange, or stomatal density. Vegetative growth increased 
only in well-watered plants receiving Si. Additionally, Si applications increased K concentration in leaves 
and spring shoots of water-stressed trees, with no effect observed in well-watered trees. Leaf N concentration 
increased under both Si application and water deficit, but no interaction between these factors was detected. 
These findings suggest that Si foliar application may be a promising strategy to maintain trees water status 
under water deficit.
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Introduction
Water availability is critical for plant growth and 
productivity, as it affects a wide range of processes 
such as photosynthesis, nutrient uptake, and cellu-
lar expansion (Seleiman et al. 2021). In areas of the 
southeastern United States, young peach trees are 
often not irrigated until the third year, when fruit 
production begins (Casamali et al. 2021), as the re-
gion generally receives substantial precipitation to 
cover evapotranspirative needs. However, drought 
conditions can develop and intensify quickly (flash 
droughts; Minton et al. 2025) and water deficit in 
juvenile trees can impact future tree productivity 
through a reduction in vegetative growth and cano-
py development. 

One of the earliest responses to water deficit is 

stomatal closure driven by reduced leaf turgor pres-
sure (McAdam and Brodribb 2015). In parallel, re-
duced cellular water content and turgor pressure in-
hibit cell expansion, further suppressing vegetative 
growth (Zia et al. 2021). Also, drought conditions 
reduce soil water availability, which is essential for 
nutrient solubilization, root uptake, and transloca-
tion (Bárzana and Carvajal 2020; Bista et al. 2018). 
Among essetial nutrients, potassium (K) plays a 
key role in plant water relations. Its involvement 
in osmotic regulation is critical for maintaining 
cell turgor pressure which supports cell expansion 
and stomatal function thereby influencing plant 
growth and transpiration efficiency (Ashokan et al. 
2024; Benlloch-González et al. 2008). Therefore, 
maintaining sufficient K uptake is a key adaptive 
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increase leaf N, P and K concentrations in mango 
trees (Helaly et al. 2017). However, Si did not in-
fluence N or K uptake in apple trees (Karagiannis 
et al. 2021). These differences highlight the need 
for better understanding the influence of Si on nu-
trient dynamics under drought stress, especially for 
non-accumulator species such as most fruit trees. 
Therefore, the aim of this study was to evaluate 
the feasibility of Si foliar-applied as a sustainable 
strategy to improve water status and mineral nu-
trition, specifically K and N, in young peach trees 
subjected to water deficit. 

Materials and Methods
Tree growth conditions. In fall 2023, 24 two-year-
old peach trees [Prunus persica L. ‘Julyprince’] 
were planted in 19-L plastic containers contain-
ing a mixture of 2:1 of potting soil Fafard 3B 
(Sun Gro, Agawam, MA, USA): sand, 3.5 g·L-1 
of lime and 3.5 g·L-1 Osmocote® 14–14–14 fertil-
izer (Scotts, Marysville, OH, USA). Trees were 
brought into a greenhouse at Clemson University, 
SC, in mid-January 2024, after having accumulat-
ed enough chill during winter. They bloomed and 
leafed out in early February 2024. Then, trees were 
watered to field capacity for a month, estimating 
the required amount of water gravimetrically, as in 
Romero-Conde et al. (2014). Briefly, each tree was 
irrigated to saturation and weighed one hour af-
ter water stopped draining. Three days later, trees 
were reweighed. The difference over the three-day 
interval was used to estimate the daily water loss, 
which averaged 0.4 L·day-1. Based on this esti-
mate, each tree received 1.2 L of tap water every 
three days throughout the month before the treat-
ments started. The greenhouse had temperatures 
between 18 ºC and 24 ºC and a photoperiod of 12 
h of light throughout the experiment.  

Treatments. The experiment was arranged in a 
completely randomized design, with six replicates 
and four treatments resulting from the combina-
tions of two irrigation regimens (well-watered or 
water-stressed) and two levels of foliar Si appli-
cation (0 or 20 mg·L-1). The experiment was con-
ducted over a 10-week period, from early March to 
early May 2024, and was divided into two phases. 

mechanism for enhancing plant drought tolerance 
(Benlloch-González et al. 2015). Nitrogen (N) 
metabolism and uptake in plants is also impaired 
by drought, as reduced soil moisture restricts the 
transport of mineral N to the root via mass flow 
(González-Dugo et al. 2010), which could lead to 
reduced N accumulation in plant tissues.

Silicon (Si) has recently emerged as a bene-
ficial element that enhances plant tolerance to 
abiotic stresses, including drought. Although not 
essential, Si contributes to stress mitigation by 
modulating physiological responses, improving 
water relations, and enhancing nutrient uptake 
(Pavlovic et al. 2021). It is the second most abun-
dant element in the Earth’s crust and primarily 
absorbed by plants as monosilicic acid (Epstein 
1999). It can be taken up through root and foliar 
pathways, including cuticular diffusion, stomatal 
penetration, and trichome-mediated uptake (Puppe 
and Sommer 2018). Foliar uptake is particularly 
relevant in rainfed orchards, where limited soil 
moisture restricts root uptake and foliar spraying 
becomes the primary method for agrochemical 
delivery (Fernández-Escobar 2019). Thus, foliar 
applications can be ideal for young trees that do 
not receive irrigation until they begin bearing fruit 
(Nascimento-Silva et al. 2023). Si can reach up to 
10% dry weight (DW) in plant tissues of Si-accu-
mulator plants (Ma and Yamaji 2015) but remains 
below 0.5% DW in most fruit trees (Gao et al. 
2022). Nevertheless, its beneficial effects in plants 
under abiotic stress are not proportional to its ac-
cumulation in plants (Wang et al. 2021a).

Si plays a key role in maintaining plant wa-
ter balance by regulating water uptake, transport 
and losses (Wang et al. 2021a). Its deposition be-
neath the cuticle forms a double silica layer that 
reduces leaf transpiration (Ma 2004). Si can also 
increase stomatal density and size (Martos-García 
et al. 2024), and promote faster stomatal closure 
by increasing guard cell K efflux (Vandegeer et al. 
2021), which together with improvement in CO2 
assimilation can increase plant water use efficien-
cy (Gao et al. 2022). Furthermore, Si has been 
found to improve plant nutrients acquisition, espe-
cially under nutrient-scarce conditions (Pavlovic 
et al. 2021); for instance, Si has been observed to 
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Measurements. Sap flow rate was monitored using 
sap flow sensors (Model SGEX25 and Flow32-1K, 
Dynamax, Houston, TX, USA) from the beginning 
of the experiment. Sap flow sensors were installed 
in three trees per treatment approximately 20 cm 
above the graft union and covered with reflective 
wrap to prevent extraneous heat flow and reduce 
the effect of external radiation. Sap flow sensors 
were connected to a data logger (CR1000, Camp-
bell Scientific, Logan, UT, USA), which moni-
tored and recorded data every two minutes from 
March to May.

Midday stem water potential (Ѱstem) was mea-
sured weekly from the beginning of the exper-
iment, using six leaves per each treatment and a 
Scholander pressure chamber (PMS Instrument 
Company, Albany, OR). Before measurements, 
leaves were introduced in foil-laminated zip-lock 
type bag for at least 1 h to minimize transpiration 
and allow for an equilibrium between leaf and stem 
water potential (McCutchan and Shackel 1992).

Upon the initiation of Si treatments, leaf gas 
exchange was measured weekly in each plant. The 
net photosynthetic rate (Pn [μmol CO2 m−2·s−1]), 
leaf transpiration rate (Eleaf [mmol H2O m−2·s−1]) 
and stomatal conductance (gs [mol CO2 m

−2·s−1]) of 
fully developed leaves (4–5th node) from six trees 
per treatment were measured using a portable pho-
tosynthesis system (LICOR 6400-XTR, Li-COR, 
Lincoln, NE, USA). All measurements were taken 
from 09:00 to 11:00 am, under PAR of 1000 μmol 
m−2·s−1, leaf temperatures of 26 ± 2 ºC, and VPD 
of 2.4 ± 0.4 kPa. 

During the last week of the experiment, the 
number of shoots, total shoot length (shoot growth 
during experiment), and mean shoot length (total 
shoot length/number of shoots) as well as stoma-
tal density and size were determined. Twelve ful-
ly developed leaves per treatment were used for 
stomatal size and density determination, and three 
different areas per leaf were selected. Transparent 
acrylic nail varnish was applied to the underside 
of leaves. A few minutes later, when the varnish 
was dried, a piece of transparent packing tape was 
used to peel off the nail polish. Each tape was 
placed onto a microscope slide, and observed at 
40x magnification (Olympus BX41, Olympus, 

In phase I, 24 trees were grouped into two sets of 
12, each subjected to one of the following irriga-
tion treatments: 1) Well-watered (100% ET): trees 
received 100% of their evapotranspirative (ET) 
requirements. Whole-plant ET requirements were 
determined weekly using a gravimetric method, as 
described above. ET demands were recalculated 
weekly to account for increasing canopy develop-
ment and associated water use. 2) Water-stressed 
(50% ET): trees received 50% of the irrigation vol-
ume applied to the well-watered group. 

Irrigation was applied every three days us-
ing tap water (electrical conductivity, EC: 72.3 ± 
0.3 mS·cm-1). This approach ensured that the to-
tal water applied did not exceed the water-hold-
ing capacity of the substrate, thereby preventing 
drainage and maintaining consistent soil moisture 
levels. This phase lasted two weeks. Upon ob-
serving treatment differences on tree water status 
(midday stem water potential; see measurements, 
below), phase II commenced.

In phase II (8 weeks), foliar Si treatments were 
introduced. Trees from each irrigation group (100 
and 50% ET) were further divided into two sub-
groups receiving either 0 (No Si) or 20 mg·L-¹ (Si) 
of foliar silicon (YaraVita ACTISIL®; BioMiner-
als N.V., Belgium) which contains 0.5% (w/v) Si 
in the form of choline-stabilized orthosilicic acid. 
The selection of Si dose and source was based on 
findings by Nascimento-Silva et al. (2023), who 
evaluated the efficiency of different Si doses (0, 
10, 20 and 40 mg·L-1) and sources (YaraVita AC-
TISIL® and Sigma Aldrich) on peach trees. In that 
study it was reported that 20 mg·L-¹ significantly 
improved water status in stressed peach trees, with 
no significant differences between the evaluated Si 
sources.

To prepare the Si solution, 4 mL of ACTISIL® 

was diluted in 1 L of distilled water to achieve a 
concentration of 0.4% (v/v), equivalent to 20 mg 
·L-¹ of Si. Trees receiving Si were sprayed week-
ly (7 weeks) with 0.40 L of the solution per tree 
(equivalent to 8 mg of Si), using battery-powered 
backpack sprayers, until dripping point. Control 
trees (No Si) were sprayed with distilled water fol-
lowing the same protocol.
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ed, ground to powder, and stored in an oven at  
70 ºC until analysis. Ground samples were ashed at  
600 ºC overnight, and nutrients were extracted us-
ing 10 ml of 0.1 N HCl and then filtered. K con-
centration was determined by atomic absorption 
spectrophotometry (PinAAcle 500, Perkin Elmer, 
Waltham, MA, USA) in all plant organs and in ful-
ly developed leaves collected at different moments 
along the experiment: at the end of phase I and at 
weeks 2, 5 and 7 of phase II. N concentration was 
analysed through a modified Dumas method (Har-
ry and Jones 1991) in fully developed leaves col-
lected at the end of phase II.

Statistical Analysis. A two-way factorial analysis 
was conducted to evaluate the main effects of Wa-
ter regimens and Levels of foliar Si application, as 
well as their interaction.When the ANOVA indi-
cated a significant F‑value, treatment means were 
separated using Tukey’s test. All percentage values 
were transformed using the arcsine of the square 
root before analysis. In all the analyses, residual 
plots were generated to identify outliers and to 
confirm that the variance was common and nor-
mally distributed.

Results
Peach trees watered with 50% ET became stressed 

Center Valley, PA, USA). Two areas of 6.87 mm2 
per each slide were randomly selected and images 
were captured with a digital camera (Canon EOS 
Rebel T3i, Canon, Melville, NY, USA). Stomata 
were counted and their size was determined us-
ing ImageJ (v1.48, National Institutes of Health, 
Bethesda, MD, USA). 

At the end of the experiment, hydraulic con-
ductance was measured for each tree. Each shoot 
was cut 10 ± 2 cm above the graft union and mea-
surements were taken with a high-pressure flow 
meter (HPFM Gen 3, Dynamax, Houston, TX, 
USA) connected to a compressed nitrogen gas 
tank. Deionized water was perfused into the stem 
opposite to the normal direction of flow during 
transpiration; then water flow was plotted versus 
the pressure of the root system and hydraulic con-
ductance was determined as the resulting slope. 
Measurements were taken every two seconds at 
22 ± 1 °C until pressure reached 550 kPa under 
quasi-steady-state conditions (Tyree et al. 1995). 
Then, each tree was separated into leaves, spring 
stems, one-year-old stems, trunk, and roots. Each 
organ was individually rinsed with deionized wa-
ter, dried in an oven at 60 ºC and their DW was 
measured. Samples of each organ were collect-

Figure 1. Effect of Si application and water regimens on stem water potential of young peach trees. Trees were grown in contain-
ers inside a greenhouse and irrigated at 100 or 50% of their evapotranspirative needs (ET) for two weeks (Phase I). Subsequently, 
foliar Si treatments (0 or 20 mg·L-¹; No Si and Si, respectively) were applied weekly for eight weeks (Phase II). Irrigation levels 
were maintained throughout the experiment and applied every three days. Different letters indicate significant differences. NS, 
Non-significant or  *, **,  significant at P≤0.05 or P≤0.01, respectively.
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Figure 2. Average sap flow profile of well-watered (100% ET; A) and drought-stressed (50% ET; B) peach trees receiving dif-
ferent Si foliar applications. Data was collected from 16 to 58 hours after each irrigation event. Plants were irrigated every three 
days. Continuous line represents trees that did not received Si (No Si: 0 mg·L-1); dashed line represents trees that received Si (20 
mg Si·L-1). Each value represents the mean of 9 irrigation cycles. Growth conditions are described in Fig. 1.

Table 1. Effect of Si application (No Si and Si, at 0 and 20 mg·L-1, respectively) and water regimens (100 and 50% ET; evapo-
transpirative needs) on shoot growth parameters (n=6). Growth conditions are described in Fig. 1.

Treatments
Number 
of shoots

Total shoot  
length (cm)

Mean shoot length  
(cm/nº shoot)

100% ET × No Si 11.1  b 44.7 ab 3.8
100% ET × Si 16.8 ab 67.9  a 3.9
50% ET × No Si 19.6  a 51.1 ab 3.1
50% ET × Si 11.7  b 35.6  b 3.0

Significance1 *** * NS
CV (%)2   22.8 35.5 22.3
Different letters indicate significant differences. 
1NS, *, **, *** Non-significant or significant at P≤0.05, P≤0.01 or P≤0.001, respectively. 
2Coefficient of variation of full experiment.
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during phase I (without Si), reaching Ѱstem values 
of -2.0 MPa after two weeks of water stress (Fig. 
1). Typically, vegetative growth starts to decrease 
at values around -1.4 MPa (Rahmati et al. 2018), 
and greatly reduced growth at values between -1.5 
and -2.0 MPa (Mirás-Avalos et al. 2013). From the 
onset of Si treatments, Ѱstem of control trees (100% 
ET) was always at or above -1.0 MPa, except for 
measurement on week 5. Ѱstem was affected by the 
interaction between water regimens and Si appli-
cation; Si improved water status in water-stressed 
trees, reaching similar levels to well-watered trees 
by weeks 7 and 8, but did not affect Ѱstem in well-wa-

tered trees (Fig. 1). 
Well-watered trees (100% ET) treated with Si 

showed increased sap flow during the three days 
following an irrigation event, with the most pro-
nounced effect occurring between 45 and 50 h af-
ter irrigation (Fig. 2A). In contrast, foliar Si appli-
cations decreased sap flow in water-stressed trees, 
with the greatest reduction (29%) around 24 h after 
irrigation (Fig. 2B). However, when water stress was 
more marked (i.e., between 2-3 days after the irriga-
tion event; Fig. 2B), Si applications did not have any 
effect.

Pn significantly decreased when trees were sub-

Figure 3. Net photosynthesis rate (Pn) of young peach trees receiving different Si foliar applications (No Si and Si, at 0 and 20 
mg·L-1, respectively) under two water regimens (100 and 50% ET; evapotranspirative needs). Data was collected  once a week, 
24 and 48 hours after an irrigation event (A and B, respectively), on fully developed leaves. Each value represents the mean of 
6 replicates. Different letters indicate significant differences. NS, *, **, *** Non-significant or significant at P≤0.05, P≤0.01 or 
P≤0.001, respectively. Growth conditions are described in Fig. 1.
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Table 2. Effect of Si application (No Si and Si, at 0 and 20 mg·L-1, respectively) and water regimens (100 and 50% ET; evapo-
transpirative needs) on potassium concentration (%) of different plant organs (n=6). Growth conditions are described in Fig. 1.

Treatments Leaf Shoot T0
4 Shoot T1

5 Shoot T2
6 Root

100% ET × No Si 3.27  a 1.34  a 0.52 0.32 0.41

100% ET × Si 2.92 ab 1.17 ab 0.47 0.25 0.39
50% ET × No Si 2.43  b 0.92  b 0.49 0.32 0.49
50% ET × Si 3.08  a 1.28  a 0.48 0.34 0.48

Significance1 *3 *3 NS NS NS
CV (%)2   16.1 29.0 11.6 29.6 19.6

Different letters indicate significant differences. 
1NS, *, Not significant or significant at P≤0.05, respectively. 
2Coefficient of variation of full experiment. 
3LSD test. 
4Shoot growth during the experiment (spring shoot). 
5One-year-old shoot. 
6Two-year-old shoot.

Figure 4. Effect of Si application (No Si and Si, at 0 and 20 mg·L-1, respectively) and water regimens (100 and 50% ET; evapo-
transpirative needs) on stomatal parameters: density (A) and length (B). Measurements were performed on fully developed leaves 
collected during the last week of the experiment. Each value represents the mean of 6 replicates. Different letters indicate signifi-
cant differences at P≤ 0.05.
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many studies have highlighted its beneficial effects 
on plants, particularly under abiotic stresses such 
as drought (Frew et al. 2018; Wang et al. 2021b). 
Nevertheless, there is a need for exploring and 
understanding the mechanisms underlying Si-me-
diated drought tolerance on fruit trees, which are 
considered Si non-accumulator plants (Fernán-
dez-Escobar 2019).

In our experiment, Si improved the water sta-
tus of water-stressed trees, which showed less 
negative Ѱstem than trees without Si. Habibi and 
Hajiboland (2013) attributed the improvement of 
water status in drought-stressed pistachio seed-
lings receiving Si applications to the alleviation 
of gas exchange parameters (2013). However, in 
our experiment, gas exchange parameters (Pn, gs, 
Eleaf) in water-stressed trees were unaffected by 
Si. Furthermore, the changes in stomatal length 
observed were not sufficient to induce changes in 
gas exchange parameters. Water stress has been 
reported to increase stomatal density and reduce 
stomatal length in trees (Drake et al. 2013) and an-
nual species (Driesen et al. 2023). Leaf structural 
adaptations such as an increased number of small 
stomata can induce a faster open and close sto-
matal control, enhancing maximum conductance 
under adequate environmental conditions while 
reducing stomatal water loss under adverse con-
ditions, such as drought. Si applications increased 
the number and size of stomata of annual crops un-
der salt stress conditions (Abbas et al. 2015), and 
acid rain (Ju et al. 2017). Si applications also in-
creased stomata size, not stomatal density, in non-
stressed olive trees (Martos-García et al. 2024), 
and peach seedlings (Gao et al. 2022). However, 
in our experiment, water-stressed trees had a high-
er stomatal density and smaller stomata (the op-
posite, i.e. a combination of reduced density and 
larger stomata, is linked to reduced transpiration; 
Doheny-Adams et al. 2012), and Si alleviated the 
decrease of stomata length caused by water stress 
but did not affect the stomatal density. Therefore, 
it was assumed that the improved water status in 
Si-treated stressed trees was due to reduced cuticu-
lar transpiration, as reported by Nascimento-Silva 
et al. (2023).

In our experiment, Si increased sap flow 

jected to water stress (50% ET; Fig. 3). At the be-
ginning of phase II (Si application), Si increased 
Pn in well-watered trees 24 h after irrigation, but 
these differences gradually disappeared by week 5 
(Fig. 3A). However, Si did not improve Pn in wa-
ter-stressed trees within the 24 h period after the 
applications, nor did it affect Pn in well-watered 
or drought-stressed trees 48 h after irrigation (Fig. 
3B). Similar results were observed in gs and leaf 
transpiration Eleaf (data not shown). Si applications 
did not affect hydraulic conductance under any ir-
rigation regimen (data not shown).

In general, trees watered with 50% ET showed 
higher stomatal density (Fig. 4A) and smaller sto-
mata (Fig. 4B) than trees that received 100% ET. 
However, Si applications did not significantly af-
fect stomatal density regardless of irrigation treat-
ments (Fig. 4A). Si application did not affect sto-
mata length in well-watered trees, but it alleviated 
the decrease of stomata length caused by water 
stress (Fig. 4B).

Si application reduced the number of shoots 
of trees under water stress conditions, while it in-
creased total shoot length under optimal irrigation 
(Table 1). Water-stressed trees also showed a sig-
nificant decrease in leaf DW compared to control 
trees (26.3 g in 50% ET trees vs. 36.6 g in 100% 
ET trees) and spring shoot (1.0 g in 50% ET trees 
vs. 1.7 g in 100% ET trees), but there was no sig-
nificant interaction between irrigation and Si ap-
plications on the DW of other organs.

During the experiment, water stress led to a 
reduction in leaf K concentration, but Si applica-
tions kept leaf K concentrations in water-stressed 
trees similar to those of well-watered trees, which 
remained unaffected by Si application (Fig. 5). 
Similar results were observed at the end of the ex-
periment: Si increased K concentration of leaf and 
shoots grown during the experiment in 50% ET 
trees but did not influence leaf K concentrations 
in well-watered trees or the other organs (Table 2). 
Regarding N, both water stress and Si applications 
increased leaf N concentrations (Fig. 6), but there 
was no interaction between both factors.

Discussion
Silicon is not considered an essential element, but 
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sap flow and vegetative growth in well-watered 
trees but decreasing them in water-stressed trees 
seems to indicate that changes in sap flow were 
linked to changes in growth. These results, togeth-
er with those on improved tree water status, sug-
gest that Si might influence stress mitigation by 
improving water retention in trees under moderate 
water stress. 

Regarding nutrient uptake, Si has a positive 
effect on K and N uptake, and their leaf concen-
tration under drought stress (Bakır et al. 2022) and 
nutritional deficiencies (Costa et al. 2023) when 
Si applied to the soil solution. The effect on K 
concentration has previously been attributed to an 
improved H+-ATPase activity (Liang 1999), and 
enhanced remobilization and K transporter regu-
lation (Beier et al. 2022). However, there is scarce 
literature on the effect of foliar Si on leaf nutrient 
concentration. In olive plants, it was observed that 
K uptake was influenced by Si foliar concentra-
tions (Martos-García et al. 2024). This effect was 
also observed in N uptake of young olive plants 
growing in pots (Martos-García et al. 2025).

In our study, Si application alleviated the re-
duction of K concentration in leaves and new 
shoots of water-stressed trees, reaching levels 
similar to those of well-watered trees. The mech-
anism behind this effect is yet to be identified, 
although it does not seem to be linked to root K 
uptake and translocation as changes in K concen-
tration were not observed in roots, trunk, or one-
year-old shoots. Our results also showed that Si 
increased leaf N concentration, although there was 
no interaction between Si applications and water 
stress. Leaf K and NO3- contents may also con-
tribute to a protective effect against water stress 
through osmotic adjustment by the accumulations 
of osmolytes (Zahoor et al. 2017). The osmotic 
adjustment implies a passive accumulation of sol-
utes that cannot be used for growth; Munns and 
Weir (1981) suggested that solute accumulation in 
wheat may occur at the expense of growth in order 
to maintain turgor. 

Conclusion
In conclusion, foliar application of Si offers a 
sustainable strategy to mitigate drought stress in 

in well-watered trees but decreased it in wa-
ter-stressed trees. Applications of Si to the soil 
solution in different crops have increased root 
water uptake and enhanced sap flow (Wang et al, 
2021b) but the effect of foliar applications has not 
been previously documented. The only reference 
to foliar Si being effective at enhancing root water 
uptake is an increased sap exudation observed in 
decapitated soybean plants (Hussain et al. 2021) 
and in sunflower plants under stress conditions 
(Mulligan and Benlloch-González, personal com-
munication). On the other hand, water-stressed 
trees had a significant sap flow reduction compared 
to well-watered trees, and Si applications did not 
increase sap flow but reduced it in water-stressed 
trees, especially during the first 24 h after an irri-
gation event. 

These results match with vegetative growth 
data by the end of the experiment: Si increased 
total shoot length in well-watered trees but re-
duced number of shoots and total shoot length in 
water-stressed trees. In nature, taller species (i.e., 
large vegetative growth) with high water availabil-
ity typically have wider xylem vessels and higher 
hydraulic conductivity (Liu et al. 2019). However, 
water stress normally causes a reduction of leaf 
water potential and sap flow that leads to a de-
creased of their hydraulic conductivity (Bhusal et 
al. 2019). Carneiro-Carvalho et al. (2020) suggest-
ed that the higher Ψstem in water-stressed chestnut 
trees with soil and foliar Si applications was re-
lated to changes in the structure of xylem vessels, 
specifically a reduction of diameter and increased 
number of xylem vessels, which play a significant 
role in stem sap flow (Bhusal et al. 2018). Si may 
also improve resistance to water stress by increas-
ing root hydraulic conductance (Shi et al. 2016). 
We did not perform xylem histological analyses, 
but Si did not have any impact on stem hydrau-
lic conductivity. We cannot rule out homeostatic 
mechanisms involving adjustments in hydraulic 
properties (e.g., stem water storage and use pat-
terns or altered daily dynamics of discharge and 
recharge of stored water) and this area still de-
serves more research (Martín-Gómez et al. 2023), 
especially in trees and when Si is applied foliarly; 
nevertheless, the effect of Si on increasing both 
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Figure 5. Effect of Si application (No Si and Si, at 0 and 20 mg·L-1, respectively) and water regimens (100 and 50% ET; evapo-
transpirative needs) on the temporal evolution of leaf potassium concentration (%) in fully developed leaves collected throughout  
the experiment. Error bars indicate the means of three replicates ± standard error.

Figure 6. Leaf nitrogen concentration (%) in response to different water regimens (100 and 50% ET; evapotranspirative needs) 
(A) and Si foliar application (0 and 20 mg Si·L-1) (B) in fully developed leaved collected at the end of the experiment. Different 
letters indicate significant differences. *, *** significant at P≤ 0.05 or P≤ 0.001.
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teo MJ, Fournier JM, Benlloch M. 2015. Effect 
of water stress and subsequent re-watering on 
K+ and water flows in sunflower roots. A pos-
sible mechanism to tolerate water stress. Envi-
ron Exp Bot. 118:78-84.

Bhusal N, Bhusal SJ, Yoon TM. 2018. Compar-
isons of physiological and anatomical char-
acteristics between two cultivars in bi-leader 
apple trees (Malus × domestica Borkh.). Sci 
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scienta.2017.12.006.

Bhusal N, Han S-G, Yoon TM. 2019. Impact of 
drought stress on photosynthetic response, leaf 
water potential, and stem sap flow in two cul-
tivars of bi-leader apple trees (Malus × domes-
tica Borkh.). Sci Hortic. 246:535–543. https://
doi.org/10.1016/j.scienta.2018.11.021.

Bista DR, Heckathorn SA, Jayawardena DM, 
Mishra S, Boldt JK. 2018. Effects of drought 
on nutrient uptake and the levels of nutri-
ent-uptake proteins in roots of drought-sensi-
tive and tolerant grasses. Plants. 7(2). https://
doi.org/10.3390/plants7020028.

Carneiro-Carvalho A, Anjos R, Lousada J, 
Marques T, Pinto T, Gomes-Laranjo J. 2020. 
Ecophysiological study of SiK impact on Cas-
tanea sativa Mill. tolerance to drought stress. 
Photosynthetica. 58(5):1078–1089. https://doi.
org/10.32615/ps.2020.030.

Casamali B, van Iersel MW, Chavez DJ. 2021. 
Plant growth and physiological responses to 
improved irrigation and fertilization manage-
ment for young peach trees in the southeastern 
United States. HortScience. 56(3):336–346. 

peach trees, particularly under conditions where 
low soil moisture limits nutrient uptake and the ef-
fectiveness of irrigation-based nutrient delivery. In 
this study, Si application improved the water status 
of water-stressed trees, likely through its influence 
on sap flow and by increasing foliar concentrations 
of K and N. Si appears to play a role in enhanc-
ing water retention under moderate drought con-
ditions, potentially contributing to improved stress 
tolerance. However, the observed improvements in 
water status could not be fully explained by chang-
es in gas exchange parameters or leaf anatomical 
traits such as stomatal density and size, suggesting 
additional physiological or biochemical mecha-
nisms are involved. Further research is needed to 
elucidate the underlying pathways through which 
Si confers drought resilience in deciduous fruit 
trees.

Data availability statements
The data underlying this article will be shared on 
reasonable request to the corresponding author.
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