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ABSTRACT

Potassium polyacrylates (SAPs) are hydrogels capable of retaining and gradually releasing 
water many times their own weight. When incorporated into soil, they can enhance soil water 
retention and offer a promising strategy to mitigate drought stress in viticulture. This study 
evaluated the effects of SAPs on the vegetative development and nutrient dynamics of potted 
young Vitis vinifera cv. Castelão vines in sandy soils under controlled drought conditions. Over 
two years, SAP-treated and untreated plants were exposed to varying periods of drought to 
better understand SAP–soil–grapevine interactions. SAP-treated plants showed accelerated 
phenological development in the second season, progressing faster under both full and 
deficit irrigation. They also exhibited increased shoot length and leaf area—with significant 
gains throughout the second year—and greater root biomass, with dry weight increases of 
34.4 % and 35.5 % under well-watered and deficit irrigation, respectively. Additionally, SAPs 
enhanced irrigated water productivity  (WP), which increased by 25.5 % under well-watered 
and 30.0 % under deficit conditions. Minor yet statistically significant differences in soil and 
leaf potassium and sodium levels were also observed, suggesting enhanced nutrient retention 
and uptake. Overall, SAPs improved grapevine growth at early stages of development and 
enhanced resource use efficiency, particularly under water-limited conditions. These findings 
underscore the potential of SAPs as a sustainable soil amendment in viticulture. Future research 
should focus on evaluating vine performance and soil health under field conditions to confirm 
these benefits at the vineyard scale.
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INTRODUCTION

Viticulture holds significant economic and cultural value, 
especially in Mediterranean regions, where it is central 
to local livelihoods and traditions. However, increasing 
climate variability, frequent droughts, and declining soil 
quality are threatening grapevine productivity and grape 
quality (Fraga et al., 2016). Water stress, driven by irregular 
rainfall and high evapotranspiration, can severely impact 
yield and alter key metabolites essential for wine production 
(van  Leeuwen  et  al.,  2019). Additionally, drought impairs 
nutrient uptake, compromising vine vigour and fruit quality 
(Keller,  2005). These challenges underscore the need 
for sustainable strategies to enhance water and nutrient 
availability, with superabsorbent polymers (SAPs) emerging 
as a promising solution in water-limited systems.

Superabsorbent polymers (SAPs) are hydrophilic materials 
capable of retaining large amounts of water relative to their 
own mass (Guilherme  et  al.,  2015). Previous studies have 
explored the positive influence of SAP application on soil 
hydraulic potential at the root-zone, as a result of their 
temporal water storage and subsequent gradual release as 
the surrounding soil dries (Krasnopeeva  et  al.,  2022). The 
increased root-zone moist period allows lower declines 
in soil water potential, consequently, maintaining gas 
exchange by reducing the rate at which the plant shifts into 
a drought-response state (Yang et al., 2022; Zohuriaan‑Mehr 
& Kabiri,  2008). Furthermore, the incorporation of such 
soil conditioners can change some physical and biological 
properties in the soil by improving soil structure and 
porosity, which positively affects several edaphic processes 
such as organic matter decomposition and nutrient 
availability (Awad et al., 2013; Saha et al., 2020). Previous 
studies have highlighted the effects of superabsorbent 
polymers (SAPs) in annual crops, such as soybean in sandy 
soils (Yazdani  et  al.,  2007) and sugarcane in silty soils 
(Watanabe et al., 2019), with improvements in germination 
and overall growth. Although less frequently studied, woody 
perennial crops also show beneficial responses. For instance, 
the application of SAP in olive trees on sandy soils improved 
stomatal conductance, water use efficiency, and oil yield 
(Chehab et al., 2017). Similarly, apple trees grown on silty 
soils exhibited enhanced growth in the second year when 
SAPs were used alongside fertilisers and biostimulants 
(Kapłan et al., 2021). In young citrus, substrate amendment 
with hydrogel not only increased soil water retention and 
leaf water potential under drought conditions but also led to 
greater root biomass (Arbona et al., 2005). The incorporation 
of superabsorbent polymers (SAPs) into potted grapevines 
has been shown to significantly improve soil moisture 
retention (Frioni et al., 2024), improving hydraulic properties 
and reducing irrigation needs, while enhancing vine growth 
and yield (Ali et al., 2023). It has recently been demonstrated 
that root-zone application of both synthetic and organic 
hydrogels at transplanting, significantly increased soil field 
capacity and maximum available water, delayed the decline 
in stem water potential under drought, and improved leaf 
gas exchange in grapevines (Frioni et al., 2025). Vines treated 

with hydrogels achieved greater leaf area, shoot growth, 
internode diameter, and pruning weight after two growing 
seasons compared to untreated vines, and also transitioned 
earlier into productive stages (Frioni  et  al.,  2025). These 
findings reinforce the capacity of SAPs to alleviate water 
scarcity, a quality that is becoming increasingly valuable 
in light of the current impact of climate change. Although 
superabsorbent polymers (SAPs) have shown promise in 
enhancing grapevine growth under drought conditions, 
varietal and site-specific responses may vary. Although 
some studies have demonstrated the positive effects of 
superabsorbent polymers on perennial crops, under 
moderate stress, their efficacy may vary according to soil 
type, climatic conditions, and cultivar. Further research is 
needed to understand how these materials perform under 
more extreme conditions and in different viticultural 
contexts. In this study, we investigated the application of a 
potassium-based superabsorbent polymer on a Portuguese 
grapevine variety grown in sandy soil under water-limited 
conditions, aiming to evaluate its influence on phenological 
development, vegetative growth, and leaf and soil physical 
and chemical properties during the plant establishment phase.

MATERIALS AND METHODS

1. Plant and soil material

At the beginning of the 2022 season, a composite soil sample 
was collected superficially (maximum 50 cm of depth) from 
a vineyard located in Pegões (PORVID—Central Pole for 
the Conservation of Autochthonous Grapevine Variability), 
Portugal (38° 38.864' N 8° 39.241' O). The soil is classified 
as Arenosol (IUSS Working Group WRB, 2015).

After collection, the soil was transported to Instituto 
Superior  de Agronomia, Lisbon, where it was air-dried, 
homogenised, and used in a plastic pot experiment (5 kg soil 
capacity, pot volume of 7 L). A total of 80 one-year-old vines 
of Vitis vinifera cv.  Castelão grafted onto SO4  rootstock, 
obtained  from a commercial nursery, were used in the 
experiment. Due to their dormant state at the time of 
planting,  selection based on uniformity of size was not 
feasible. Half of the plants (n  =  40) were planted in soil 
that was mixed with hydrated superabsorbent potassium 
polyacrylate (SAPs; SOCO® Polymer, SDK205X  series) 
at a concentration of 5  %  (w/w). The other half (n  =  40) 
were planted in the same soil without SAPs and served as a 
control. The experiment setup was conducted in April 2022. 
Plants were randomly assigned to these two treatments 
during potting to ensure unbiased distribution and were 
positioned randomly within the greenhouse to minimise 
environmental variability (e.g., light, temperature, humidity 
gradients). No fertilisers or nutrient supplements were 
applied during the experimental period. Spur pruning was 
conducted in January 2023, leaving each plant with a single 
spur bearing two buds. To ensure a standardised shoot 
number across all plants, shoot thinning was performed 
closely after budburst, and only one shoot per plant was 
retained. No shoot trimming was performed.
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2. Irrigation treatment and experimental setup

Each group of 40  plants (including SAP-treated and non-
treated or control plants) was further subdivided into two 
irrigation regimes: well-watered and deficit-irrigated. 
This resulted in the following four treatment groups, each 
comprising 20 plants:

•	 WS: Well-watered, SAP-treated
•	 WC: Well-watered, Control
•	 DS: Deficit irrigation, SAP-treated
•	 DC: Deficit irrigation, Control.

All plants were irrigated using an automated drip system 
calibrated to deliver a fixed volume of water per event, 
which corresponded to the soil’s field capacity previously 
determined in the laboratory. Field capacity (pot capacity) 
was determined by fully saturating each pot, allowing 
free drainage until its visual cessation, and calculating the 
retained water by gravimetric difference between pre- 
and post-watered weights. Each pot received this volume 
(~450 mL) at every irrigation event, regardless of the initial 
moisture levels, and any excess drainage was discarded. 
This approach ensured full soil hydration, including that 
of the superabsorbent polymers (SAPs). It was designed to 
standardise water availability across treatments rather than to 
mimic conventional irrigation practices, thereby minimising 
variability and enhancing experimental reproducibility.

Although the irrigation volume per event was fixed across 
all treatments, deficit-treated plants were irrigated less 
frequently, resulting in reduced seasonal water input, 
calculated as the product between irrigation period  (s), 
dripper flow rate  (mL/s), and number of irrigation events. 
This approach also reflects expected climate change 
scenarios, where longer intervals between rainfall events 
are anticipated, even though the total rainfall per event may 
not necessarily decrease. To ensure uniform early vegetative 
development, all plants followed the same irrigation 
schedule until BBCH stage  19 (Lorenz  et  al.,  1995), 
after which treatment-specific irrigation regimes were 
implemented. In 2022, irrigation started right after plant 
setup (mid-April) and differentiated irrigation treatments 
were applied between 1  June and 31  August. Deficit-
irrigated plants (DS and DC) received approximately 16 L of 
water (distributed throughout 35 irrigation events throughout 
the growing season), approximately 30  % less than well-
watered plants (WS and WC), which received approximately 
23  L of water (distributed throughout 51  irrigation events 
throughout the growing season). In 2023, the reduction was 
adjusted to 15 % to avoid excessive stress observed in the 
first season, with DS and DC plants receiving approximately 
19.5 L (distributed throughout 43  irrigation events) and WS 
and WC 23 L of water (distributed throughout 51 irrigation 
events).

Throughout the plant cycle in the first season (March–
August  2022), the mean greenhouse temperature was 
23.7 °C ± 5 °C, with a relative humidity of 49.2 % ± 3.0 %. In 
2023, the mean temperature was recorded at 28.5 °C ± 3 °C, 
with a relative humidity of 47.0 % ± 2.0 %.

3. Vegetative development measurements

3.1. Phenological monitoring
The plants were monitored every week according 
to their phenological stage, using the BBCH scale 
(Lorenz  et  al.,  1995) from budburst to stage  19. Although 
some inflorescences/bunches were anticipated, only a small 
proportion of the plants (around three) had them. To ensure 
a balanced distribution of source and sink organs across all 
plants, the inflorescences were removed soon after being 
visible. Therefore, only vegetative stages were considered, 
excluding the reproductive phase. During this period, all 
plants were maintained under optimal water conditions to 
support vegetative growth.

3.2. Leaf area and shoot length
Vegetative development was assessed during the growth cycle 
by measuring shoot length and total shoot leaf area  (LA). 
Measurements were conducted periodically, approximately 
every one to two weeks, throughout the growing season. Leaf 
area was estimated using the non-invasive method described 
by Lopes and Pinto  (2005), which relates shoot  LA to the 
length of the lateral veins of both the largest and smallest 
leaves (>  3  cm), ensuring accuracy without damaging the 
plant. As only one shoot was retained per vine, the estimated 
shoot leaf area was obtained once for each vine. Shoot length 
was measured directly with a standard ruler to follow growth 
dynamics over time.

3.3. Vegetative biomass and water productivity
At the end of the trial (13  July,  2023), the final pruning 
weight was documented. Roots and leaves were subsequently 
collected and dried until a constant weight was achieved, 
enabling the determination of their dry biomass. Total plant 
biomass was calculated as the sum of leaf, root, and pruning 
dry weights. As this assessment was destructive, it was only 
possible to conduct it at the end of the trial.

Water productivity (WP) is determined by the balance 
between biomass gain and the volume of water consumed. 
Since the young plants in this study developed almost entirely 
under the applied treatment, their WP was calculated using 
Equation 1 (adjusted from Pereira et al., 2012).

Leaf and root biomass were determined as dry weight at the 
end of the season, while shoot biomass was measured based 
on pruning weight. Total water irrigated corresponded to the 
volume of water used for each treatment.

4. Soil and leaf physicochemical analysis

The deficit irrigated plants (DC and DS) showed a high 
percentage of senescence at the end of the season. As a result, 
it was not possible to obtain a robust leaf sample from these 
treatments and therefore not possible to compare it with the 
corresponding soil sample. Therefore, at the end of the trial, 
leaf and soil samples were collected from five randomly 
selected plants only within the well-watered treatments 
(WC and WS).

(1)
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All leaves were collected from each plant, washed with 
distilled water, and dried in a laboratory oven at 60  °C 
for 72 h. Dried material was then finely ground using a mortar 
and pestle for nutrient analysis. The concentration of total N 
was determined by the Kjeldahl method (Bremner,  1960) 
while other nutrients were extracted by an acid microwave 
digestion and determined by flame atomic absorption 
spectroscopy (AAS-F; Ca, Cu, Fe, K, Mg, Mn, Na, and Zn, 
Jones & Case,  1990) and UV-VIS spectrophotometry 
(P, molybdenum blue method, Murphy & Riley, 1962).

After removing the plant, the soil was homogenised, and a 
sample was collected for physicochemical analysis. Samples 
were air-dried and the fraction < 2 mm was used for analysis 
of pH and electrical conductivity in water (1:2.5 m:V), cation 
exchangeable capacity (extraction with 1  M ammonium 
acetate at pH  7 and determination of non-acid exchange 
cations by AAS-F), total  N (Kjeldahl method), extractable 
P and  K (Egner–Riehm method) and other nutrients in 
available fraction (extraction by DTPA method, Lindsay & 
Norvell, 1978).

5. Data analysis

Descriptive statistics were performed using Microsoft Excel® 
for Microsoft  365 (version  2406, Microsoft, Redmond, 
WA, USA). All data were inserted in GraphPad  Prism® 
(version  10.0, Boston, Massachusetts, USA). A  one-way 
ANOVA was performed within each irrigation treatment, 
considering SAP application as the main factor. This 
structure was selected to focus comparisons on SAP effects 
under consistent water regimes. Post-hoc multiple mean 
comparisons were conducted using Tukey’s test, and 
statistical significance was established at p  ≤  0.05. For 
phenological and vegetative parameters, analyses were 
performed separatel y for each observation date. Quality 
control of the analyses was made by analytical replicate 
samples, blanks, the use of certified standard solutions, and 
laboratory standards.

RESULTS

1. Phenological development

In the first season (Figure 1A), late potting in mid-April 2022 
led to budburst in early May, with rapid progression to 
BBCH stage 19 within five weeks. In contrast, the second 
season (Figure  1B) showed slower development, with 
budburst occurring in mid-February  2023 and stage  19 
reached by late March. All plants were kept under optimal 
water conditions, in both seasons, before budburst and 
BBCH  19, with irrigation treatments initiated only after 
reaching the aforementioned phenological stage.

No significant variations were observed during the 
initial season (Figure  1A), as plants across all treatments 
exhibited comparable growth patterns. However, during the 
second season (Figure  1B), results indicate an accelerated 
development of plants subjected to the SAP treatment, 
which exhibited higher average phenological development 
rates from the time of budburst (Figure 1). This difference 

was particularly relevant between DC and DS plants, which 
showed statistical significance at all analysis dates. For 
WC and WS plants, differences were only significant on 
the second  (22/02/2023) and third (02/03/2023) moments 
of analysis, with WS plants presenting two to three extra 
fully expanded leaves than WC plants. In the case of deficit 
irrigation (DC), plants exhibited a delayed budburst and 
demonstrated a reduced initial growth rate in comparison to 
those subjected to full irrigation (DS). It is noteworthy that 
the development of deficit irrigation SAP plants (DS) closely 
mirrored that of well-watered SAP plants (WS).

2. Leaf area and shoot length

As the reproductive phenological stages were not recorded 
due to the absence of inflorescences or clusters in the 
studied plants, leaf area became the main indicator of plant 
development (Figure 2).

In the 2022 season, significant differences in leaf area 
(Figure  2A) were observed on the first analysis date, 
with WC plants exhibiting higher values than WS plants. 
However, this difference became non-significant in the 
following weeks. A similar pattern was observed for shoot 
length (Figure 2B), where control plants had greater values 
than SAP-treated plants across both irrigation treatments. 
Unlike leaf area, these differences in shoot length persisted 
for a longer period, remaining significant up to 42 days after 
BBCH 19 for both WC and WS treatments.

In the 2023 season, significant differences in leaf area were 
observed throughout most of the growing season, with 
SAP-treated plants showing higher values in both irrigation 
treatments (Figure  2C). A similar trend was observed for 
shoot length, particularly in DS and DC plants, with DS 
plants maintaining a significantly higher shoot length 
average almost to the end of the season (Figure 2D).

3. Final biomass and water productivity

At the end of the trial, plants were pruned and their leaves 
and roots collected for weighing (Figure 3). No significant 
differences in leaf dry weight were observed between 
treatments (Figure  3A), suggesting that variations in 
the number of primary and secondary leaves between 
untreated (WC,  DC) and SAP-treated (WS,  DS) plants 
did not significantly affect total biomass. In relation to 
root development, the SAP treatment exerted a favourable 
influence on both irrigation regimes, with increases of 16.0 g 
(34.4 %) for WS vs WC and 11.6 g (35.5 %) for DS vs DC 
(Figure 3B).

Pruning wood also made a notable contribution to total 
biomass, with a significant increase of  3.4  g (25.3  %) 
observed under water stress conditions (DS  vs  DC), 
while a positive trend was observed under full irrigation 
(WS vs WC) (Figure 3C). Together, these effects resulted in 
significant differences in total biomass between SAP-treated 
and untreated plants within each irrigation regime, with a 
25.0 % and 28.3 % enhancement in total biomass observed 
in SAP well-watered and water-deficient plants, respectively 
(Figure 3D).

Gonçalo Victorino et al.
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After measuring the dry weight of leaves, roots, and pruning 
wood, water consumption in the greenhouse during 2023 
was analysed, and water productivity (WP) was determined 
(Figure 4).

The presence of SAPs had a highly significant effect on both 
years of the study, with DS plants surpassing WC plants in 
terms of  WP (Figure  4). Throughout the 2023 analysis 
period, DC and DS plants received 15  % less water than 
WC and WS plants. Notably, DS plants achieved the same 
biomass as WC plants, indicating that under the studied 
conditions, SAPs effectively compensated for reduced 
irrigation, promoting efficient growth even under water 
deficit conditions.

4. Nutritional composition of soil and leaves

Considering the comparison of soil characteristics between 
WC and WS, only the values of electrical conductivity 
and some macronutrients were significantly different. 
For electrical conductivity, the WS soil had higher values 
compared to the WC soil (Table 1). The WC soil presented 
significantly higher P concentration than WS, while the 
opposite trend was observed for K. Among the other available 
nutrient concentrations, only Na was statistically different, 
with a higher concentration in the WC soil (Table 1).

Phenotypically, no symptoms of nutritional deficiency or 
phytotoxicity were observed throughout the experiment. 

FIGURE 1. Phenological development of the plants from the different treatments during the first  (2022) and 
second (2023) growing seasons of the trial, according to the BBCH scale (Lorenz et al., 1995). Mean values ± standard 
error (n = 20 per treatment). DOY: Day of the year. A and E: WC (Well-watered irrigation control); B and F: WS 
(Well-watered irrigation with added SAPs); C and G: DC (Deficit irrigation control); D and H: DS (Deficit irrigation 
with added SAPs).

https://ives-openscience.eu/
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FIGURE 3. Dry weight of plant components by treatment at the end of the experiment. Values are mean ± standard 
error of dry weight of leaves (A), roots (B), wood (C), and total biomass (D) per plant, categorised by treatment. 
Statistical significance is shown as follows: **** p < 0.0001; ** p < 0.01. WC: Well-watered irrigation treatment 
control; WS:  Well-watered irrigation with added  SAPs; DC:  Deficit irrigation control; DS:  Deficit irrigation with 
added SAPs.

FIGURE 2. Grapevine leaf area (A, C) and shoot length (B, D) across water treatments during two growing seasons 
(2022 and 2023). Mean values ± standard error (n = 20 per  treatment). WC: Well-watered irrigation treatment 
control; WS: Well-watered irrigation treatment with added SAPs; DC: Deficit irrigation control; DS: Deficit irrigation 
with added SAPs. Different letters (a and b) represent statistical significance observed for each irrigation regime at 
the same date of analysis (p < 0.05).

Gonçalo Victorino et al.
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Considering leaf nutrient concentrations, significant 
differences were only observed for K and Na. Regarding K 
concentration, WS plants had significantly higher values than 
WC plants. The opposite was observed for Na concentration, 
with WC showing significantly higher values (Table 2). As 
previously outlined, an insufficient quantity of healthy leaves 
was available in the deficit irrigation treatments due to leaf 
senescence. Consequently, this analysis was conducted solely 
on well-irrigated plants (Table 2).

DISCUSSION

The early phenological development observed in the SAP-
treated plants in the 2023 season could be explained by 
the development of a more extensive root system during 
2022, due to their effect on water and nutrient dynamics, 
consequently, facilitating a more stable and improved 
mobilisation of reserves for budburst (Zapata et al., 2004). A 
beneficial effect of SAPs on root biomass was observed at 

FIGURE 4. Water productivity (WPirrig) by treatment at the end of the trial. Mean ± standard error (n = 20 per treatment). 
WC: Well-watered irrigation treatment control; WS: Well-watered irrigation with added SAPs; DC: Deficit irrigation 
control; DS: Deficit irrigation with added SAPs. Different letters (a and b) represent statistical significance observed 
for each irrigation regime (p < 0.05).

TABLE 1. Soil physicochemical characteristics from treatments well-watered plants growing without (WC) and with 
SAPs (WS) at the end of the trial. Mean ± standard deviation (n = 20 per treatment). Statistical significance is shown 
as follows: ** p < 0.01; *** p < 0.001).

Parameter Treatment

WC WS

pH 5.9 ± 0.4 6.8 ± 0.3

Electric conductivity*** (µS cm–1) 660.3 ± 80.8 730.3 ± 74.9

Cation exchange capacity (cmolc kg–1) 4.36 ± 0.44 4.26 ± 0.49

Total N (mg kg–1) 248.54 ± 25.7 252.53 ± 23.9

Macronutrient concentration in available fraction (mg kg–1)

P** 50.5 ± 12.1 24.6 ± 7.5

Ca 443.0 ± 90.9 432.6 ± 88.0

Na*** 924.9 ± 74.1 853.1 ± 65.2

K** 20.7 ± 4.4 40.2 ± 9.0

Mg 85.3 ± 5.1 83.3 ± 16.1

Micronutrient concentration in available fraction (mg kg–1)

Fe 43.8 ± 4.4 41.6 ± 6.7

Mn 11.4 ± 2.2 7.7 ± 1.1

Zn 8.0 ± 0.8 5.3 ± 1.3

Cu 22.4 ± 2.6 19.0 ± 2.5
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the end of the trial and has been previously reported for citrus 
plants (Arbona  et  al.,  2005). It is possible that this effect 
was already present at the end of the first season, although 
due to the destructive nature of its inspection, it was not 
possible to perform. As the initial growth phase transitioned 
to being primarily driven by photosynthesis, phenological 
development stabilised, with untreated plants reaching 
similar stages to those treated with SAPs. Notably, the 
phenological advancement observed in SAP-treated plants 
has not been previously reported in perennial crops. 
This finding is particularly relevant under climate 
change scenarios. The higher uniformity in phenological 
development observed in WS and DS plants when 
compared to their control counterparts (reduced standard 
deviation, Figure  1) could be considered a positive output 
(Costafreda‑Aumedes  et  al.,  2025) as it may improve 
synchronisation with management practices, potentially 
increasing yields and reducing biotic stress (Keller,  2015). 
However, earlier phenological development can also 
have negative implications, considering abiotic stresses, 
shifting the timing of sensitive stages, possibly exposing 
them to extreme weather events such as frost damage 
during early spring and warm temperatures near harvest 
(e.g.,  De  Rosa  et  al.,  2021), depending on the variety’s 
cycle length and the region. Nevertheless, the present 
study was conducted in a greenhouse under above-average 
temperatures, where earlier budburst was expected. A 
conclusive assessment of this effect would require field 
trials conducted across different regions and with varieties 
susceptible to temperature extremes. Nevertheless, when 
implementing SAPs, growers should account for regional 
climate and varietal cycle length, as both may influence how 
phenological timing responds to the altered soil conditions.

Considering vegetative growth, during the 2022 season, 
WC grapevines demonstrated increased shoot length when 
compared to WS plants, yet regarding leaf area, significant 
differences were only found at the first date of analysis. 
This pattern may be attributed to transient variations in 
root development shortly after potting, when the hydrated 
SAP hydrogel occupied space within the root zone before 
fully integrating into the soil. This could have temporarily 
constrained early root and vegetative growth compared to 
control plants, an effect that was no longer significant later 
in the season. In the second year, however, the opposite trend 
was observed with SAP-treated plants presenting higher 
values for both shoot length and leaf area throughout the 
majority of the season. The higher values for these two 
parameters in SAP-treated plants, particularly at earlier 
stages, may be a reflection of their earlier phenological 
development, as discussed above. During this season, 
however, no substantial increase in shoot length and leaf 
area was observed over time, within each treatment. This 
result can possibly be associated with abnormally high 
temperatures (reaching values of up to  50  °C) that were 
periodically felt in the greenhouse during this season, which 
may have limited plant growth by surpassing the grapevine 
temperature tolerance threshold (e.g., Bernardo et al., 2018).

It is challenging to predict whether an increased vegetative 
regrowth would remain significant over the years. However, 
when growing conditions are unfavourable, the benefit of 
the presence of SAP may be cumulative and, over the 
years, SAP-treated plants may reserve more carbohydrates, 
giving them a greater advantage over untreated plants 
(Gatti  et  al.,  2016; Grechi  et  al.,  2007). Nevertheless, a 
longer-term study would be necessary to clarify the most 
likely scenario and achieve conclusive results.

TABLE 2. Nutrient composition in leaves obtained from plants growing in well-watered conditions without  (WC) 
and with SAPs (WS). Mean ± standard deviation (n = 20 per treatment). Statistical significance is shown as follows: 
** p < 0.01; *** p < 0.001.

Nutrient Treatment

WC WS

Macronutrient concentration (g kg–1)

N 20.2 ± 1.1 18.0 ± 2.1

P 2.6 ± 0.5 2.9 ± 0.6

Ca 8.0 ± 1.6 6.7 ± 0.8

K*** 13.6 ± 2.1 25.3 ± 1.7

Mg 2.7 ± 0.6 2.2 ± 0.2

Micronutrient concentration (mg kg–1)

Na** 341.52 ± 50.0 323.31 ± 30.9

Fe 90.6 ± 8.7 84.0 ± 10.1

Mn 108.8 ± 28.3 121.8 ± 24.7

Zn 17.7 ± 2.1 19.3 ± 2.9

Cu 30.2 ± 11.5 27.5 ± 8.2
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Regarding water productivity, the values obtained by 
adding SAPs indicated that WS plants are 25.5  % more 
efficient in water use (Figure  4), with an increase in total 
biomass of 17.6 g for the same amount of water (Figure 3D). 
In a more restrictive scenario, water productivity values 
for DS plants were 30.0  % higher when compared with 
plants without  SAPs (Figure  4), with an average increase 
in total biomass of 14.8 g (Figure 3D). The improved water 
productivity in SAP-treated plants likely reflects a moderated 
physiological response to water deficit. By delaying declines 
in soil water content, SAPs help maintain transpiration 
and photosynthesis for longer periods, reducing the rate at 
which vines shift into drought-response modes (stomatal 
closure) and corresponding decrease in carbon assimilation 
(Yang et al., 2022).

When comparing water regimes, values from WC plants 
had a lower water productivity than DS plants (Figure  4) 
(Ali et al., 2023). Improvements in WP under SAP treatments 
offer several agronomic and environmental advantages. 
By enhancing the plant’s ability to produce more biomass 
or yield per unit of water used, SAPs contribute to more 
sustainable water management, particularly in arid and semi-
arid regions (Alharbi et  al.,  2024). Higher WP can lead to 
reduced irrigation requirements, lowering both water costs 
and pressure on local water resources. Additionally, improved 
WP often supports better drought tolerance, promoting crop 
resilience under water-limited conditions and ensuring more 
stable agricultural productivity (Ma et al., 2025).

The application of SAPs influenced both soil chemical 
properties and nutrient dynamics. In WS treatment, increased 
available  K in soil was strongly correlated with higher 
leaf K concentrations (r  =  0.71), supporting adequate vine 
concentrations (de Varennes, 2003) and aligning with prior 
findings (Ali et al., 2023). While available P concentrations 
were higher in WC soils, no significant differences were 
observed in leaf P concentrations between treatments, which 
remained within adequate ranges (de  Varennes, 2003). 
SAPs  also led to a slight increase in soil pH, likely due 
to cation exchange between SAP counter-ions and acidic 
soil cations (Qu & de  Varennes,  2010) and contributed to 
a modest rise in electrical conductivity linked to enhanced 
K  availability. Notably, SAP-treated soils exhibited lower 
Na concentrations, possibly due to K–Na exchange or 
improved leaching through enhanced water movement 
(Situ et al., 2023; Al-Taey & Al-Ameer, 2023). Beyond their 
chemical interactions, SAPs are also known to improve soil 
physical structure by increasing porosity and aggregation, 
particularly in coarse-textured soils, which reduces bulk 
density and enhances aeration and microbial activity 
(Zhao et al., 2022; Li et al., 2022). These structural changes 
can indirectly support nutrient availability and uptake. 
Combined with the results of this study, these findings 
suggest that SAPs can enhance soil fertility while potentially 
reducing nutrient leaching (Ekebafe et al., 2011).

Considering the complexity of the water–SAP–soil 
interaction, future research should prioritise long-term field 
studies to assess SAP persistence, degradation, and their 
cumulative effects on soil health and vine performance. 

Optimising application rates and placement methods across 
soil textures and climatic conditions remains essential. In 
the context of vineyard establishment, early application at 
planting appears particularly promising for improving vine 
establishment and survival under limited water availability. 
Additionally, exploring the combined use of SAPs with 
organic amendments or fertilisers may further enhance 
nutrient availability and soil structure, supporting more 
sustainable vineyard management.

CONCLUSION

This study investigated the effects of potassium-based 
superabsorbent polymers (SAPs) on young grapevine growth 
and soil nutrient dynamics under controlled conditions. The 
results demonstrate the potential of SAPs to enhance water 
productivity, support earlier and more uniform phenological 
development, and improve soil fertility, particularly in sandy 
soils under Mediterranean conditions or regions prone to 
water deficit. A temporary reduction in early vegetative 
growth was observed during the first season, likely due to 
partial occupation of the root zone by hydrated SAPs before 
their full integration into the soil. However, this effect was 
no longer evident in the following season, when SAP-treated 
plants showed anticipated phenology and improved shoot 
growth and leaf area. SAP influence on soil and leaf nutrients 
highlights the importance of calibrating application rates and 
integrating SAP use with balanced fertilisation strategies to 
prevent potential nutrient imbalances. While these findings 
provide insight into the short-term effects of SAPs, further 
long-term studies across different regions and grapevine 
varieties are necessary to fully assess their cumulative effects 
on soil health, vine physiology, and productivity, thereby 
clarifying their overall potential for sustainable vineyard 
management.
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