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Abstract

Water scarcity is increasingly challenging greenhouse tomato production, particularly in
Mediterranean and semi-arid regions where irrigation water availability is becoming pro-
gressively limited. This study evaluated whether a superabsorbent polymer (SAP) can
support water-saving irrigation in tomato grown in coconut fibre. Plants were cultivated in
pots under four irrigation amounts (100, 75, 50, and 25% of crop water requirement—WC)
combined with two SAP levels (0 and 2 g L−1). Irrigation was managed by a lysimetric
control system. Reducing irrigation decreased total fruit yield (averaged across SAP treat-
ments) from 100% WC (1212 g plant−1) to 50–25% WC (914 and 624 g plant−1, respectively),
while non-marketable fruit number was unchanged (15.4 fruit plant−1, on average). SAP
increased total yield, averaged across irrigation treatments (from 925 to 1022 g plant−1),
and marketable fruit number (from 26.3 to 32.3 fruit plant−1), without affecting unitary
fruit weight (20.4 g fruit−1, on average). SAP also increased net photosynthesis (from 16.0
to 17.4 µmol CO2 m−2 s−1), while stomatal conductance (0.14–0.15 mol H2O m−2 s−1) and
WUE (4.0 µmol CO2 mmol−1 H2O) were not affected by SAP. Total soluble solids increased
under severe deficit (7.8 ◦Brix at 25% WC) and were enhanced by SAP (from 6.9 to 7.6 ◦Brix),
while colour parameters were mainly driven by irrigation. Overall, the irrigation amount
was the primary driver of performance. Moderate deficit irrigation (75% WC) maintained a
marketable fruit number and total fruit weight comparable to full irrigation (100% WC).
SAP amendment acted as a complementary tool to improve marketable production and net
photosynthesis across irrigation levels, providing an additive benefit to crop productivity.

Keywords: deficit irrigation; superabsorbent polymer (SAP); soilless cultivation; coconut
fibre substrate; tomato yield and quality

1. Introduction
Water scarcity is increasingly constraining horticultural production worldwide, and

climate change is amplifying the frequency and severity of drought events, with particularly
strong implications for irrigated and high-value cropping systems. In greenhouse vegetable
systems, where yield stability and product uniformity are essential for economic viability,
improving water efficiency while maintaining marketable yield and quality is a central
agronomic objective. Tomato (Solanum lycopersicum L.) is among the most economically
important vegetable crops [1] and is notably sensitive to water deficit, particularly around
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flowering and fruit development, when stress can reduce fruit set, limit fruit growth, and
increase the proportion of non-marketable production.

Superabsorbent polymers (SAPs) and hydrogel-based soil/substrate conditioners are
increasingly being investigated as a practical tool to improve water management in in-
tensive greenhouse and soilless systems, particularly under water-limited conditions. By
increasing the effective water-holding capacity of the root zone and smoothing short-term
fluctuations in water availability, SAPs can support plant functioning under deficit irriga-
tion and potentially reduce irrigation inputs while maintaining yield and marketability
in high-value horticultural crops [2,3]. In this regard, SAPs grafted with acrylamide and
combined with mineral fillers can reach very high swelling capacities [4].

From a functional standpoint in cropping media, SAP/hydrogels act as crosslinked hy-
drophilic networks capable of absorbing large volumes of irrigation solution and releasing
it progressively as the surrounding substrate dries. This buffering effect can attenuate short-
term water fluctuations in the root zone, particularly in systems with limited water-holding
capacity. In addition to moisture regulation, SAP incorporation may modify substrate
hydro-physical properties, including porosity, bulk density and hydraulic conductivity,
potentially influencing drainage dynamics and nutrient retention [5,6]. The magnitude of
these effects, however, depends on substrate type, irrigation management and polymer
characteristics. Evidence across both soil and soilless systems confirms that SAP incor-
poration can substantially increase water retention of both soil and soilless substrates,
with concomitant improvements in plant growth, supporting their relevance for intensive
horticultural production systems [7–9].

Tomato studies support SAP potential under water deficit, though responses are con-
text dependent. Under greenhouse pot conditions, alginate-based hydrogels improved
tomato growth traits under contrasting deficit levels compared with non-amended con-
trols [10].

Under field conditions in Mediterranean processing tomato, SAP application increased
irrigation water use efficiency (WUE) and, under moderate deficit irrigation, helped main-
tain yield and quality comparable to full irrigation, largely via an increase in marketable
fruit number [3]. For instance, under a furrow irrigation system in Ethiopia, the marketable
and total tomato yield were significantly affected by the irrigation regime, and 75% ETc
combined with mulch was identified as an agronomically and economically favorable strat-
egy [11]. Field evidence from other vegetable crops similarly indicates that SAP addition
can mitigate moderate water deficit by improving water status and sustaining yield-related
traits [12].

Recent evidence also suggests that SAP effects can be associated with improved plant
water status and reduced oxidative stress under deficit irrigation; in tomato, SAP increased
yield and WUE and improved indicators such as relative water content and chlorophyll
while lowering oxidative stress markers under stronger deficits [13]. SAPs have also been
tested as seed coatings or applied in planting furrows, highlighting beneficial effects on the
vegetative development of sorghum under low-water conditions [14].

These findings indicate that SAPs can alleviate water deficit, but they also highlight that
outcomes may vary with irrigation scheduling; thus, understanding SAP responses across
irrigation amount is essential for practical water-saving and scheduling recommendations.

Despite increasing interest, limited information is available for intensive greenhouse
tomato soilless systems, particularly those based on coconut fibre substrates, where the
root-zone water reservoir is small and drying cycles are rapid. Under these conditions,
SAP effects may differ substantially from soil systems as moisture buffering fertigation
concentration and polymer hydration–dehydration dynamics can interact more directly
with plant water status. Moreover, few studies have systematically compared multiple
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deficit irrigation levels ranging from full to severe restriction within the same experimental
framework while simultaneously evaluating yield components, fruit quality traits, and
physiological responses. Evidence from pot experiments in other vegetable crops also
suggests that the effect of SAP may involve dose- and management-dependent trade-offs,
and that WUE and yield do not necessarily respond proportionally to increasing SAP
rates [15]. Recent work on polymer gel substrates for intensive protected cultivation further
supports the feasibility of gel-based root environments, with tomato showing a relatively
strong growth and productivity response t under controlled conditions [16].

Accordingly, the objective of this study was to quantify the effects of superabsorbent
polymer (SAP) amendment on greenhouse-grown potted tomato under four irrigation
amounts (100%, 75%, 50% and 25% of crop water requirement) and two SAP rates (0
and 2 g L−1). The study specifically assessed total and marketable yield, yield compo-
nents, the unmarketable fraction, and irrigation water efficiency, aiming to clarify whether
SAPs can consistently support water-saving strategies across contrasting deficit levels and
scheduling regimes.

2. Materials and Methods
2.1. Experimental Site and Plant Material

A greenhouse experiment was conducted at a farm in Milazzo (ME) from April 2025 to
August 2025. Tomato plants (cv. Proxy F1) were transplanted at the two true-leaf stage into
black plastic pots (20 cm diameter, 5 L capacity), arranged in simple rows (0.30 × 1.00 m,
3.3 plants m−2) within an open soilless system and coconut fibre as growing medium,
chosen for its widespread use in greenhouse tomato production and its relatively low
water holding capacity, which could amplify SAP effects. The plants were cultivated as
single stems up to the 6th cluster. Bumblebees (Bombus spp.) were introduced into the
greenhouse to promote fruit set. Additional agronomic practices included the manual
removal of lateral shoots, defoliation, and topping. Phytosanitary treatments were carried
out following standard farm practices. The experimental design included four irrigation
amounts, corresponding to 100%, 75%, 50%, and 25% of the crop water requirement (WC),
combined with two superabsorbent polymer (SAP) amendments. At transplanting, SAP
granules were uniformly incorporated into the growing medium at two rates (0 and 2 g L−1,
the recommended dose). The material consisted of a natural, biodegradable, alga-derived
hydrogel developed by BeadRoots Srl (Lecce, Italy) (patent pending) with a water retention
capacity of up to 100× its initial dry weight.

During the experimental period, relative air humidity remained consistently high,
varying between 47% and 87%, while mean daily air temperatures ranged from 14.8 to
32.1 ◦C.

The experiment was arranged in a 2-way randomized complete block design (irriga-
tion amount × SAP amendments), with 3 replications. Each replication consisted of six
plants (pots).

Fruits from the first cluster were harvested at commercial ripeness, approximately
70 days after transplanting, when they reached the light-red colour stage. Subsequent
harvests were performed progressively as the sixth cluster reached maturity. After each
harvest, fruits were detached from the rachis and classified as marketable or unmarketable,
including malformed or cracked fruits. Data collection included fruit number, individual
fruit weight and size, as well as total and marketable yield.

2.2. Irrigation

The experiment was conducted using a drip irrigation system controlled by a lysimet-
ric setup that continuously measured pot weight and automatically triggered irrigation
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events [17]. For each treatment, the target weight range was calculated as the difference
between pot weight at field capacity (FC) and dry substrate weight (DW), scaled by the
irrigation fraction. For 100% WC,

Target weight100% = DW + (FC − DW)

For 75%, 50%, and 25% WC, the target weight was proportionally reduced. Irrigation
was triggered when the pot weight fell below 85% of the target, corresponding to a substrate
moisture level that limits water availability without causing severe stress. The 100% WC
treatment was defined as maintaining readily available water at approximately 10% of
substrate content, targeting a drainage fraction of 10–15%. Reduced irrigation treatments
applied proportionally smaller volumes per event, while maintaining the 85% threshold
relative to each treatment’s target weight.

This strategy allowed irrigation to be dynamically adjusted in response to climatic
conditions. Fertigation was uniformly applied across all treatments using a complete
nutrient solution containing macronutrients (mmol L−1), i.e., 13.59 NO3

−–N, 1.42 NH4
+–N,

2.21 PO4
3−–P, 7.23 K+, 5.28 Ca2+, 2.99 Mg2+, and 4.87 SO4

2−–S, and micronutrients (µmol
L−1), i.e., 18.44 Fe2+, 34.72 B, 0.96 Cu2+, 6.40 Zn2+, 12.01 Mn2+, and 0.72 Mo. The nutrient
solution was formulated to achieve an electrical conductivity of 1.9 dS m−1, with the pH
adjusted to a range of 5.5–6.2. During the experimental period, the number of irrigation
events ranged from 2 to 14, the cumulative irrigation volumes amounted to 201 L pot−1 for
the 100% WC treatment, 150.4 L pot−1 for the 75% WC treatment, 102.3 L pot−1 for the 50%
WC treatment and 50 L pot−1 for the 25% WC treatment.

2.3. Total Soluble Solids (TSSs)

Total soluble solids (TSSs), expressed as ◦Brix, were measured using a portable dig-
ital refractometer (HANNA Instruments Italia Srl, Padua Italy). For each replicate, TSS
measurements were performed on six marketable fruits randomly selected from the 2nd
and 5th clusters. Tomato juice was prepared by blending tomato fruit using a blender for
5 min. Five mL of the juice was taken and centrifuged (Neya 10R, REMI, Mumbai, India) at
5000 rpm. The clear supernatant (1–2 mL) was taken and three drops were then carefully
applied on the refractometer using a plastic dropper and the reading was obtained directly
as the percentage soluble solids concentration (◦Brix range 0–95% at 22 ◦C).

2.4. Fruit Shape Index and Color

Fruit shape and colour were assessed at commercial ripeness. For each replicate,
six marketable fruits were randomly selected from the 2nd and 5th clusters and used for
morphological and colour measurements. Fruit dimensions were measured by recording
the longitudinal (L) and transverse (D) diameters using a digital caliper. Fruit morphology
was quantified through the fruit shape index (FSI), defined as the ratio between fruit length
and width (L/D), in accordance with the methodology reported by Brewer et al. [18].

Tomato colour was assessed by determining the CIELAB colour parameters: lightness
(L*), red–green coordinate (a*), and yellow–blue coordinate (b*), using a CR-200 colorimeter
(Konica Minolta, Inc., Tokyo, Japan).

2.5. Physiological Parameters

At 70 days after transplanting, before harvesting the first cluster, gas exchange mea-
surements were carried out in six plants per treatment using a CO2/H2O infrared gas
analyzer (LCi, ADC Bioscientific Ltd., Hoddesdon, UK) from 10:00 to 14:00. This timing
corresponded to the onset of the productive phase, thus providing a physiological snapshot
of plant performance at the beginning of harvest. For each replicate, the net photosynthetic
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rate (An), stomatal conductance (gs) and transpiration rate (E) were recorded. Instanta-
neous water use efficiency (WUE) was calculated as the An/E ratio, indicating the amount
of CO2 fixed per unit of transpired water. At the same time, SPAD index, flavonol content
(FLvM) (F660/F375), and anthocyanin content (AnthM) (F660/F525nm) were measured
using an MPM-100 (Opti-Sciences Corporation, Tyngsboro, MA, USA).

2.6. Data Analysis

Analysis of variance (ANOVA), including two-way ANOVA, was performed using
CoStat version 6.311 (CoHortSoftware, Monterey, CA, USA). Prior to ANOVA, normality
of residuals was assessed using the Shapiro–Wilk test, and homogeneity of variances was
evaluated using the Levene test. Tukey’s test (p < 0.05) was applied to determine signifi-
cant differences among groups. Measurements were collected on six plants per replicate;
statistical analyses were performed on replicate means, with the replicate considered as the
experimental unit.

3. Results
3.1. Fruit Yield and Yield Components

The two-way ANOVA highlighted a strong main effect of irrigation amount (I) and
SAP amendment (S) on most yield and yield-related traits, while no significant effects were
observed for interactions I × S, indicating that the effects of the two factors were largely
independent and additive (Table 1).

Table 1. Total, marketable and non-marketable fruit number (n plant−1), total fruit weight (g plant−1),
and unitary fruit weight (g fruit−1) in tomato grown under different irrigation amounts (100% WC,
75% WC, 50% WC, and 25% WC) and two SAP levels (Control and SAP).

Treatments
Total Fruit
Number

(n Plant−1)

Marketable
Fruit Number

(n Plant−1)

Non-
Marketable

Fruit Number
(n Plant−1)

Total Fruit
Weight

(g Plant−1)

Unitary Fruit
Weight

(g Fruit−1)

Irrigation
amount (I)

100% WC 50.4 ± 1.4 A 33.5 ± 1.9 A 16.9 ± 1.4 1212.3 ± 44.8 A 23.5 ± 0.2 A
75% WC 48.5 ± 1.5 B 32.4 ± 1.6 A 16.3 ± 1.0 1143.1 ± 32.5 A 23.1 ± 0.3 A
50% WC 42.4 ± 1.2 C 28.4 ± 2.1 AB 14.2 ± 1.7 914.7 ± 28.1 B 20.0 ± 0.5 B
25% WC 37.1 ± 0.9 D 22.9 ± 1.5 C 14.0 ± 1.2 624.4 ± 26.1 C 15.2 ± 0.5 C

SAP levels
(SAP)

C 42.7 ± 1.5 B 26.3 ± 1.4 B 16.4 ± 0.9 925.0 ± 61.5 B 20.2 ± 1.0
SAP 46.5 ± 1.5 A 32.3 ± 1.5 A 14.2 ± 1.0 1022.2 ± 63.2 A 20.7 ± 0.8

Significance
I *** *** ns *** ***

SAP ** *** ns ** ns
I × SAP ns ns ns ns ns

Within each factor, means followed by different letters differ significantly (Tukey test). Each value represents the
mean ± SE of three replicates Two-way ANOVA significance is reported as ns (not significant), ** p < 0.01, and
*** p < 0.001.

3.2. Effect of Irrigation Amount (I)

A clear gradient was observed across irrigation amounts. Compared with full irri-
gation (100% WC), the moderate deficit (75% WC) caused only a limited but significant
reduction in total fruit number (48.5 vs. 50.4 fruits plant−1), without affecting marketable
fruit number, total fruit weight, or unitary fruit weight. In contrast, more severe water
deficits (50% and 25% WC) caused marked yield penalties. At 50% WC, total fruit num-
ber declined to 42.4 fruits plant−1, accompanied by a significant reduction in total fruit
weight (914.7 g plant−1) and unitary fruit weight (20.0 g) in comparison with full irrigation
(100% WC) (1212.3 g plant−1 and 23.5 g fruit−1, respectively). The most severe deficit
(25% WC) led to the strongest yield depression, with total fruit number decreasing to
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37.1 fruits plant−1, marketable fruit number to 22.9 fruits plant−1, and total fruit weight to
624.4 g plant−1, corresponding to an approximate 48% reduction in total yield per plant
compared with full irrigation. Unitary fruit weight also declined sharply under this treat-
ment (15.2 g fruit−1). Overall, moving from 100% WC to 25% WC corresponded to an
approximate 50% reduction in total yield per plant. Non-marketable fruit number was
not significantly affected by irrigation amount, suggesting that deficit irrigation primarily
reduced productive yield (fruit set and/or growth) rather than increasing the proportion of
defective fruit.

3.3. Effect of SAP (S)

SAP amendment significantly improved yield performance compared with the un-
treated control mainly through total fruit number (46.5 vs. 42.7 fruits plant−1) and mar-
ketable fruit number (32.3 vs. 26.3 fruits plant−1), resulting in higher total fruit weight
(1022.2 vs. 925.0 g plant−1). In contrast, SAP had no significant effect on unitary fruit
weight, indicating that the yield benefit was predominantly attributable to improved fruit
set and marketability rather than to enhanced individual fruit growth. Consistently, SAP
also showed a numerical reduction in non-marketable fruits (14.2 vs. 16.4 fruits plant−1),
although this variable was non-significant. Overall, SAP amendment increased the propor-
tion of marketable yield, reinforcing the interpretation that SAP primarily acts by improving
the productive efficiency of the crop rather than fruit growth.

3.4. Cluster Dynamics Across the Cropping Cycle

Cluster profiles revealed a strong positional/temporal gradient in reproductive output
(Figure 1). Marketable fruit number per cluster decreased progressively from the first to the
sixth cluster in both treatments until zero in the last cluster, indicating a gradual reduction
in fruit set as the crop advanced.

In parallel, unitary fruit weight showed a marked decline across successive clusters,
dropping from more than 30 g in the first cluster to less than 10 g in the final cluster. The
combined reduction in fruit number and fruit size resulted in a steep decrease in yield
contribution per cluster (total production), with most production concentrated in the first
clusters and progressively declining toward cluster 6.

Across these within-plant patterns, SAP consistently tended to maintain higher values
than the control, particularly for marketable fruit number and total production in the
intermediate clusters (approximately clusters 2–4). Importantly, the SAP advantage was
minimal for unitary weight, supporting the whole-plant evidence (Table 1) that SAP acted
mainly by sustaining marketable fruit production rather than by increasing fruit size.
Overall, the cluster analysis provides a mechanistic explanation for the higher marketable
fruit number and yield observed under SAP, by showing that SAP partially attenuated the
late-cluster decline in marketability and yield contribution.

3.5. Fruit Quality Traits and Colour Parameters

Fruit quality attributes were significantly affected by irrigation regime and, to a lesser
extent, by SAP amendment (Table 2). Soluble solids content (◦Brix) showed significant
main effects on both factors, as well as a significant I × S interaction, indicating that the
SAP effect on ◦Brix depended on the irrigation regime. Across irrigation amounts, the
highest TSS was recorded under the most severe deficit (25% WC: 7.8 ◦Brix), whereas
treatments with higher water content (100% WC and 75% WC) showed comparable values
(7.1–7.2 ◦Brix), and 50% WC resulted in the lowest value (6.9 ◦Brix). Overall, SAP increased
soluble solids (SAP: 7.6 ◦Brix vs. Control: 6.9 ◦Brix), supporting a consistent improvement
in sweetness-related quality under SAP application.
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Figure 1. Cluster analysis of yield components in tomato under superabsorbent polymer amendment
(Control vs. SAP): (A) marketable fruit number (fruits cluster−1), (B) unitary fruit weight (g fruit−1),
and (C) yield contribution per cluster (g plant−1). Values are reported as mean ± SE. Data are shown
for SAP treatments averaged across irrigation amounts. The asterisks depict statistically significant
differences between Control vs. SAP treatment at each cluster harvest. Significance values were
obtained from a t-test for means of samples; ns (not significant), * p < 0.05, and ** p < 0.01.

Colour-related traits responded mainly to irrigation amount (Table 2). Lightness
(L*) was significantly influenced by irrigation amount, with higher L* at 25% WC (41.2)
compared with 100% WC and 75% WC (37.0 and 36.7, respectively). In contrast, redness
(a*) and yellowness (b*) decreased under severe deficit irrigation. The highest a* value was
observed under full irrigation (100% WC: 31.7), while reduced values were measured under
75% WC, 50% WC and 25% WC (27.0, 24.3 and 27.1, respectively). Similarly, b* declined
markedly from 24.6 at 100% WC to 18.8 at 75% WC and reached the minimum at 50% WC
(14.6), undifferentiated from the 25% WC (16.5). SAP did not significantly influence L*,
a*, or b* as main effects; however, significant I × S interactions were detected for a* and
b* (Figure 2B,C), suggesting that the response of colour coordinates to irrigation amount
differed between SAP-treated and control plants, even though overall mean differences
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were small. Finally, the fruit shape index (FSI) was not affected by any factor, remaining
stable across irrigation amounts and SAP treatments (0.82–0.83).

Table 2. Total soluble solids (◦Brix), colour parameters (L*: brightness; a*: green–red chromatic axis)
(B), and b* (blue–yellow chromatic axis), and fruit shape index in tomato grown under different
irrigation amounts (100% WC, 75% WC, 50% WC, and 25% WC) and two SAP levels (Control
and SAP).

Treatments TSS (◦Brix) L* a* b* FSI

Irrigation
amount (I)

100% WC 7.1 ± 0.4 AB 37.0 ± 0.44 B 31.7 ± 1.15 A 24.6 ± 1.46 A 0.83 ± 0.00
75% WC 7.2 ± 0.1 AB 36.7 ± 0.54 B 27.0 ± 1.41 B 18.8 ± 1.14 B 0.83 ± 0.01
50% WC 6.9 ± 0.1 B 38.1 ± 0.36 AB 24.3 ± 0.85 B 14.6 ± 0.68 B 0.82 ± 0.01
25% WC 7.8 ± 0.4 A 41.2 ± 1.76 A 27.1 ± 1.16 B 16.5 ± 0.63 BC 0.83 ± 0.01

SAP levels
(SAP)

C 6.9 ± 0.3 B 39.1 ± 1.01 27.7 ± 1.08 18.7 ± 1.25 0.83 ± 0.01
SAP 7.6 ± 0.2 A 37.4 ± 0.41 27.4 ± 1.01 18.7 ± 1.14 0.82 ± 0.01

Significance
I * ** *** *** ns
S ** ns ns ns ns

I × S * ns ** * ns
Within each factor, means followed by different letters differ significantly (Tukey test). Each value represents
the mean ± SE of three replicates. Two-way ANOVA significance is reported as ns (not significant), * p < 0.05,
** p < 0.01 and *** p < 0.001.

Figure 2. Interaction effects of irrigation water amount × SAP levels on total soluble solids (◦Brix) (A),
a* (green–red chromatic axis) (B), and b* (blue–yellow chromatic axis) (C). Each value represents the
mean ± SE of three replicates. Bars with the same letters are not significantly different, as determined
by Tukey test (p < 0.05).

3.6. Physiological Parameters

Physiological parameters were differentially affected by irrigation amount and SAP
levels (Table 3). Irrigation significantly influenced the gas exchange parameters (An, gs,
and WUE). Plants irrigated at 100% WC and 75% WC showed higher An values compared
to 50% WC and 25% WC plants, which showed a significant reduction in photosynthetic
activity (−16% and −39%, respectively). Stomatal conductance (gs) decreased progressively
with decreasing irrigation, reaching the lowest value at 25% WC (−36%). WUE showed
significant differences at 25% WC, with a reduction of 39%. SPAD index, flavonoid, and
anthocyanin were not significantly affected by irrigation amount (Table 3).

Except for An, ANOVA indicated that SAP levels did not significantly affect physio-
logical parameters. An showed significant differences in plants treated with SAP compared
to the control plants, with an increase of 10%.

No significant interactions between irrigation amount and SAP levels were detected.
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Table 3. Results of two-way ANOVA analysis for physiological parameters in tomato grown under
different irrigation amounts (100% WC, 75% WC, 50% WC, and 25% WC) and two SAP levels (Control
and SAP).

Treatments
An

(µmol CO2
m−2 s−1)

gs
(mol H2O m−2

s−1)

WUE
(µmol

CO2/mmol
H2O)

SPAD
Index

FLvM
(F660/F375)

AnthM
(F660/F525nm)

Irrigation
amount (I)

100% WC 19.2 ± 0.68 A 0.16 ± 0.01 AB 4.4 ± 0.40 A 57.5 ± 2.79 0.14 ± 0.04 0.12 ± 0.01
75% WC 19.8 ± 0.40 A 0.18 ± 0.00 A 4.8 ± 0.17 A 54.8 ± 2.23 0.13 ± 0.04 0.12 ± 0.01
50% WC 16.3 ± 0.89 B 0.13 ± 0.00 BC 4.3 ± 0.23 A 60.6 ± 4.22 0.14 ± 0.03 0.12 ± 0.01
25% WC 11.7 ± 0.40 C 0.10 ± 0.01 C 2.7 ± 0.09 B 59.4 ± 3.69 0.20 ± 0.04 0.12 ± 0.00

SAP levels
(SAP)

C 16.0 ± 0.90 B 0.14 ± 0.01 3.9 ± 0.27 57.9 ± 2.03 0.15 ± 0.02 0.12 ± 0.00
SAP 17.4 ± 1.14 A 0.15 ± 0.01 4.2 ± 0.30 58.2 ± 1.28 0.16 ± 0.02 0.12 ± 0.00

Significance
I *** ** *** ns ns ns
S * ns ns ns ns ns

I × S ns ns ns ns ns ns

Within each factor, means followed by different letters differ significantly (Tukey test). Each value represents
the mean ± SE of three replicates. Two-way ANOVA significance is reported as ns (not significant), * p < 0.05,
** p < 0.01 and *** p < 0.001.

4. Discussion
The findings of this study suggest that tomato plants are highly susceptible to wa-

ter stress, which has a considerable impact on their growth and developmental pro-
cesses [19,20]. Irrigation amount exerted a strong main effect on yield and leaf gas ex-
change, whereas SAP amendment provided an additional, largely additive benefit for
yield components.

The progressive reduction in irrigation from 100% WC to 75, 50, and 25% WC resulted
in a clear decline in total fruit weight, with a limited non-significant reduction under 75%
WC and severe penalties under 50–25% WC.

These yield losses reflected concurrent reductions in both total fruit number (from 50.4
to 37.1 fruits plant−1) and unitary fruit weight (from 23.5 to 15.2 g fruit−1), indicating that
water deficit constrained sink establishment. These effects can be attributed to the intensity
and duration of water stress and to the phenological stage at which stress occurred [21].
Cantore et al. [21], in their experiment, showed that longer and more intense stress periods
led to a marked reduction in fruit weight. Moreover, the decrease in fruit number was
likely associated with flower abortion and early fruit drop under water-limited conditions,
as previously reported by Wudiri and Henderson [22] and Marouelli and Silva [23].

Importantly, non-marketable fruit number was not significantly affected by irriga-
tion amount, suggesting that deficit irrigation reduced productivity primarily through
lower fruit production rather than by increasing the defective fraction. The overall pattern
agrees with previous evidence in tomato showing that irrigation reduction is typically
associated with progressive yield losses, with stronger penalties under more severe deficits,
while moderate deficits may be comparatively less disruptive depending on environment
and management [3,10,24]. Across irrigation treatments, SAP increased total fruit num-
ber (from 42.7 to 46.5 fruits plant−1) and, to a greater extent, marketable fruit number
(26.3 to 32.3 fruits plant−1), with a corresponding increase in total fruit weight (925.0 to
1022.2 g plant−1), while unitary fruit weight was not significantly affected. These find-
ings are consistent with those of Abd El-Badea et al. [25], who showed that the use of
hydrogel as a soil amendment had a positive effect on yield-related traits, including total
production. The increases in plant growth and yield under SAP treatment can be attributed
to the presence of a sufficient amount of water and nutrients which can be easily taken
with low pressure in the root area [26]. A similar outcome, SAP-associated increases in
yield and fruit number with limited effects on mean fruit weight, has been reported in
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field-grown processing tomato, where SAP improved marketable yield and irrigation water
use efficiency largely via an increase in marketable fruit number, while interactions with
irrigation treatment were generally not significant [3]. Cerasola et al. [3] reported that in
processing tomatoes under Mediterranean conditions, although the main effects of irriga-
tion and SAP on yield and water use efficiency were significant, no significant interaction
between the two factors was observed for any of the parameters analyzed. This indicates
that the effect of SAP on productivity remains constant across different irrigation levels,
rather than modifying the effect of water in a way that depends on the irrigation level.
Evidence from greenhouse pot tomato experiments likewise supports the view that SAPs
can enhance performance under limited water supply [10]. Similarly, Toscano et al. [27]
observed that even foliar biostimulant applications can mitigate drought-induced yield
losses and modulate fruit quality traits in greenhouse tomato.

In our experiment, the absence of a significant irrigation amount × SAP interaction for
yield components indicates that SAP effects were largely independent of irrigation amount.
This suggests that SAP did not mitigate severe water deficit sufficiently to offset structural
yield penalties under 50–25% WC but rather provided a consistent additive benefit across
water regimes, in agreement with the literature data [3,15]. SAPs modify the dynamics of
water retention and release in the soil or substrate, increasing the availability of water in the
volume explored by the roots, without necessarily altering the plant response to different
irrigation amount. These substances act primarily through physical–chemical mechanisms,
retaining more water in the soil, but they do not directly affect the plant’s ability to absorb
or utilize water physiologically, processes that are mainly determined by water supply [28].

The observed SAP effects are consistent with the functional concept of superabsorbent
hydrogels as crosslinked polymer networks capable of absorbing and retaining water and
then releasing it as the surrounding matrix dries, thereby buffering short-term water deficit
in the root zone [5,24,29,30]. These materials are also frequently discussed as soil/substrate
amendments that can improve water management and, in some contexts, reduce water
losses and increase water use efficiency, although the magnitude of effects depends on the
environment, soil/substrate, and application rate [5,15,24].

Moreover, evidence indicates that SAP can modify hydro-physical properties such as
bulk density and hydraulic conductivity in soil systems, which may contribute to improved
water retention and water availability [5,6,24].

Drought stress negatively influences plants by decreasing the concentration of photo-
synthetic pigments, thereby limiting light capture, photosynthetic efficiency, and overall
biomass production [31,32]. Leaf gas exchange data provide physiological context for
the yield responses. Net photosynthesis (An) was strongly affected by irrigation amount;
well-watered and moderately stressed plants (100% WC and 75% WC) maintained higher
An, whereas progressively lower values under 50% WC and especially 25% WC reflected
increasing physiological limitations induced by water shortage. The simultaneous reduc-
tion in stomatal conductance (gs) under deficit irrigation, together with the sharp decline
in WUE observed only at 25% WC, suggests that physiological stress became particularly
limiting at 25% WC.

In this context, SAP application partially mitigated the negative effects of water deficit
by enhancing An, without altering gs or WUE, indicating a possible improvement in
photosynthetic capacity. The absence of a significant improvement in instantaneous WUE
suggests that SAP primarily enhanced carbon assimilation without proportionally reducing
transpiration water loss. This indicates that SAP acted mainly as a water buffer sustaining
photosynthesis rather than altering stomatal regulation or intrinsic transpiration efficiency.

Although physiological measurements were collected at a single time point, they pro-
vide a physiologically meaningful assessment of plant functioning at the onset of harvest.
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Fruit quality responses reflected expected drought-related trade-offs, with the total
soluble solids (TSSs) that were significantly affected by irrigation amount, with the highest
values at 25% WC (7.8 ◦Brix).

SAP also increased TSS (from 6.9 to 7.6 ◦Brix), and the significant irrigation amount ×
SAP interaction indicates that SAP provided an additive value of sugar accumulation at
25% WC. The increase in total soluble solids (TSSs) associated with polymer application
may result from enhanced metabolic activity, which promotes the production of greater
amounts of acids, metabolites, and glucose. As reported by Solanki and Bisen [33], the
accumulation of assimilates prior to fruit development likely played a role in determining
fruit TSSs. Improved water availability in the root zone was reflected in increased TSS
values, a response that agrees with the literature findings showing positive effects of SAP
use and irrigation regimes on soluble solids concentration across different crop species.
These synthesized compounds may contribute to the overall accumulation and composition
of TSSs [34].

In tomato, deficit irrigation is often managed to enhance soluble solids, particularly
when irrigation is reduced near harvest, and quality assessments commonly include TSSs
and instrumental colour parameters similar to those measured here [3]. SAP studies also
report variable responses of quality traits depending on stress intensity and dry matter
accumulation, consistent with the interaction observed here [2,24].

Colour parameters (L*, a*, b*) were primarily influenced by irrigation amount. Specifi-
cally, L* increased under the most severe deficit (25% WC), while a* and b* were reduced
under deficit conditions relative to full irrigation, indicating that water restriction altered
colour development.

SAP did not exert a significant main effect on L*, a*, or b* across irrigation levels, al-
though irrigation amount × SAP interactions for a* and b* suggest that SAP may modulate
colour development depending on the irrigation context [3].

From a broader perspective, these results support the view that irrigation amount
remains the dominant lever shaping yield performance in greenhouse tomato grown
in coconut fibre, while SAP can provide measurable additive advantages by increasing
marketable fruit number and supporting photosynthetic performance. The additive nature
of SAP effects observed here is consistent with tomato field evidence showing that SAP can
improve yield and WUE with generally limited interactions with irrigation treatment [3].

Comparable water-saving and productivity gains have also been demonstrated with
bio-based hydrogels under field conditions in leafy vegetables, where amendment im-
proved yield and irrigation water use efficiency and enabled reductions in watering fre-
quency [35]. Together with greenhouse-orientated evidence on gel substrates [16] and
drought mitigation responses reported in other vegetables [12], these studies support the
adoption of an SAP/hydrogel as a complementary tool as a water-saving strategy, alongside
deficit irrigation.

However, responses to SAP are not necessarily proportional to dose, and excessively
high rates may introduce physical constraints or competitive water absorption effects; con-
sequently, dose–response optimization is essential for practical recommendations [15,24].

In this framework, future work in greenhouse/soilless tomato should couple SAP
dose optimization with direct monitoring of substrate water dynamics (moisture curves,
drainage/leaching) and plant water status, to better distinguish hydraulic from physiologi-
cal drivers and to define robust, cost-effective recommendations across deficit levels.

5. Conclusions
Water availability remains the principal factor influencing greenhouse tomato growth

and yield, underscoring the importance of effective irrigation management. Collectively,
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the results indicate that irrigation amount is the dominant lever determining yield in
greenhouse tomato grown in coconut fibre, whereas superabsorbent polymers (SAPs)
can act as a complementary tool to support crop performance, enhancing the number of
marketable fruits and sustaining photosynthetic activity under moderate water limitations.

While SAP can improve certain quality traits and contribute to yield stability, it
cannot fully compensate for severe water deficits, highlighting the limits of this approach
under severe water restriction. These findings suggest that integrating SAP into irrigation
strategies can promote more resilient and sustainable production, but optimal doses and
careful monitoring of substrate moisture and plant water status are essential.

Further work should optimize SAP dose and directly monitor substrate moisture
dynamics and plant water status to refine recommendations across deficit levels.
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