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Abstract

Climate change and induced droughts are limiting crop production, especially in arid regions like Jordan, requiring
urgent need for strategies that improve water use efficiency in agriculture. This study, therefore, investigated the
use of natural Jordanian zeolite as a soil amendment to improve soil moisture retention, plant growth, and yield
of tomato plants (Lycopersicon esculentum) under limited water conditions in pot experiments. A two-season trial
was conducted with four irrigation intervals, watering every 2, 4, 6, or 8 days, and five zeolite application doses;
zeolite: soil ratios 0of 0:1, 1:0, 1:1, 1:2, and 1:3 by volume. Average results from both seasons showed that changing
irrigation intervals from 2 to 8 days significantly reduced soil moisture, from 18% to 13% in the first season, and
increased soil temperature from 21°C to 23.5°C, adversely affecting plant growth and yield. Zeolite amendments
improved soil water retention by up to 3-4%, reduced soil temperature by 1-3°C under drought, and increased
plant height, leaf area, and chlorophyll fluorescence indices compared to non-zeolite soil. The results also indicate
that a 1:3 zeolite to soil ratio produced higher plant height, larger leaf area, and 20-40% higher fruit yield under
deficit irrigation than the control which received no zeolite. Water use efficiency was improved with reduced
watering frequency and was further enhanced by zeolite; the 1:3 treatment achieved the highest WUE, producing
more yield per unit water. On the other hand, excessive zeolite (1:1 mix) did not improve yields on clayey soil.
Therefore, incorporating a suitable proportion of natural zeolite into soil can mitigate drought stress and sustain
tomato production while conserving irrigation water.
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Introduction

Drought is one of the rising issues for agriculture,
particularly in arid and semi-arid regions. Climate
change has intensified this issue by increasing
temperatures, changing rainfall patterns, and
increasing evapotranspiration, all of which reduce soil
incident moisture and crop productivity (Cataldo et al.,
2021b; Malhi et al., 2021; Porter, 2005; Cataldo et al.,
2021a). Many regions of the world face drought
conditions, but Jordan ranks among the most water-
scarce countries globally, with limited renewable
water resources and rising demand from both
population growth and agriculture. Agriculture alone
consumes over two-thirds of Jordanian freshwater
(Alfarra et al., 2011; Ibrahim and Alghamdi, 2021).
Improving water use efficiency per unit crop and area,
in agriculture is therefore critical to sustaining crop
production and conserving scarce water supplies
(Xiubin and Zhanbin, 2001; Roghani et al., 2016).
Irrigation and water reuse and recycle have long been
used to address these challenges (Madi and Elshazly,
2021), however, improving soil moisture retention
within the soil is equally important and
implementable. There are different approaches used to
conserve soil moisture, among which one approach
involves utilization of naturally occuring soil
amendments that reduce water loss through
evaporation and ensure moisture availability to plants.
Natural zeolites, which are characterized as
microporous aluminosilicate minerals, are promising
in this context due to their ability to hold water and
nutrients within their structure and release them
gradually to plant roots (Javaid et al., 2024; Polat et
al., 2004). Their high surface area and cation exchange
capacity (CEC) allow zeolites to act as both water
reservoirs and nutrient holders (Belviso, 2025).
Literature has shown that adding zeolite to soil can
increase soil water-holding capacity significantly,
natural zeolites can retain up to 40-60% of their
weight in water due to their porous crystalline
structure, effectively increasing available moisture in
amended soils compared with non-treated soils
(Cataldo et al., 2021b). Using zeolite as soil additive
has also showed reduced nutrient leaching, where the
cation exchange capacity of zeolites helps capture the
nutrients (Wang et al., 2025). For example, a recent
study found that fertilizers when coated with zeolite
showed retention of up to 85% of sulphate ions when
compared with traditional sources of sulphur (Mondal
et al., 2021). Such characteristics of zeolite ultimately
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help nutrient holding within the soil alongside
enhancing water holding capacity, so that plants are
capable of growing under drought or water limiting
conditions (Ferretti et al., 2024).

Different researchers have documented similar
benefits, where zeolite application in loess soils
showed better water holding by soil, even under
different drying periods in comparison with non-
zeolite treatments Xiubin and Zhanbin (2001). Soil
water conservation helps store water and nutrients
within the rootzone (Zougmoré et al., 2004). Another
study in aloe vera showed that water use efficiency
was higher where zeolite was applied; showing 22.1 g
of biomass per litre of water through application of 10
tonnes of zeolite per hectare (Hazrati et al., 2017).
Similar results have also been observed in barley (Al-
Busaidi et al., 2011), beans (Ozbahce et al., 2015) and
tomatoes (Zhang et al., 2023) where, applications of
different quantities of zeolite have showed better soil
moisture and enhanced crop yields (V et al., 2025) .
The response was found linked with soil texture, type
and crop plants (Javaid et al., 2024).

Keeping in view the available information, Jordan’s
agriculture and soils struggling with lower soil
moistures and nutrient retentions are very relevant to
zeolite application (Dwairi, 1998). There are different
zeolite types found in the country which include
chabazite, phillipsite, to name a few. Available
information asks for utilization of zeolite as a soil
amendment to enhance soil moisture and crop yields,
especially for tomatoes which face water shortage
issues. Hence, this study was planned with the
objectives of assessing the effects of zeolite on soil
moisture and temperature under different irrigation
intervals, and quantifying the impact on tomato
growth, yield, and water use efficiency (WUE) under
semi-arid Mediterranean conditions.

Material and Methods

Experimental site and soil characteristics

The experiment was conducted at the Al-Mushagar
Research Station of the National Agricultural
Research Center (NARC) in central Jordan (Latitude:
32°4'45" Longitude: 35°50'36"), for two consecutive
growing seasons (spring-summer of 2024 and 2025),
keeping the same soil and pot conditions for both the
seasons. The climate of the experimental site is semi-
arid Mediterranean, characterized by hot, dry
summers. The trial was set up outdoors in large plastic



pots; the pot diameter was 41.5 cm, and pot height was
34 cm.

The soil used in the pots was a local agricultural clay
loam, which is dominant soil type in the target region.
A composite sample of the topsoil (0-15 cm depth)
was analysed prior to the experiment. The soil’s initial
properties were: pH 7.9, electrical conductivity 0.81
dS m’!, organic matter 1.4%, total nitrogen 0.11%,
available phosphorus 11.5 mg kg!, and exchangeable
potassium 604.9 mg kg™,

Experimental design and treatments

A split-plot experimental design was employed, with
four irrigation interval treatments as main plots and
five soil zeolite levels as sub-plots within each
irrigation treatment. Each treatment combination had
four replicates (in a randomized complete block
arrangement of pots).

Irrigation frequency (main plot)
Tomato plants were irrigated at intervals of 2, 4, 6, or
8 days between watering. Each irrigation event applied
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a consistent volume of water sufficient to fully wet the
pot’s soil (until slight drainage, to ensure field capacity
was reached). It is noteworthy here that gravimetric
replenishment based on pot weight could estimate
evapotranspiration, however, due to large pot size;
weighing individual pot was not possible. Likewise,
the practice of applying fixed volume is the practice in
the field, so that was preferred. Over an 8-week period,
this meant that the total number of irrigations (and thus
total water applied per plant) varied substantially:
from very frequent watering (every 2 days, 28-30
irrigations per season) to very infrequent (every 8
days, 7-8 irrigations per season). These irrigations and
watering regimes imposed increasing levels of drought
on the plants, especially the 6- and 8-day intervals.

Zeolite characterization

The zeolite used in this study was sourced from Jordan
via a local supplier. Table 1 represents the
physiochemical properties of zeolite.

Table-1. X-ray fluorescence analysis of Jordanian zeolite used in the experiment.

Fe203 MnO TiO2
% % % % % %

Ca0 K20 SO3

P205 SiO2 AI203 MgO Na20 L.O.I

% % % % % %

10.20 0.135 1.69 9.07 0.776 0.07

0.66  41.50

1290 7.11 1.11 14.35

Zeolite amendment (sub-plot)

Natural zeolite (clinoptilolite-rich tuff, composition
shown in Table 1), sourced from Jordan, was ground
to sand-sized particles (approximately 1-6 mm) for
soil mixing. Five soil treatments were prepared:

o Control (0:1), 100% soil (no zeolite).

o 71:0, 100% zeolite (no soil, purely zeolite as
the growing medium).

o Z1:1, 1:1 volume ratio of zeolite: soil (50%
zeolite by volume).

o Z1:2, 1:2 ratio (33% zeolite, 67% soil by
volume).

o Z1:3, 1:3 ratio (25% zeolite, 75% soil by
volume).

These soil + zeolite mixtures were thoroughly mixed
and used to fill the pots. The rationale for including a
pure zeolite treatment (Z1:0) was to observe the
effects of zeolite alone on plant growth and water
dynamics.
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Each pot was planted with one tomato seedling. The
tomato cultivar ‘Revenant’, known for its performance
in the region was used. Seedlings at the 4-5 true leaf
stage were transplanted into the pots in early spring
each year. Standard agronomic practices were
followed, and pots were kept weed-free. No mulch
was used, to allow natural soil evaporation.

Notably, in the second season (2025), tomatoes were
replanted into the same pots without replacing the soil
or zeolite. This was done to observe any cumulative
effects of the zeolite in the substrate from the previous
year, e.g., improved soil structure or nutrient build up.
However, to avoid nutrient depletion confounding the
results, additional fertilizer was applied to replenish
soil fertility as needed based on soil tests or standard
practice.



Data collection

Soil moisture: Just before each scheduled irrigation,
i.e., at the end of each drying cycle, soil volumetric
moisture content (%) was measured in each pot using
a digital soil moisture meter (ECDAD Electronics Co.,
Amman, Jordan). The probe was inserted to a 10 cm
depth near the center of the pot, avoiding the
immediate root zone to get a representative reading of
soil moisture available to the roots. This provided a
consistent measure of the lowest soil moisture reached
under each irrigation regime (since right after
irrigation the soil would be at field capacity). Readings
were taken throughout the season and averaged, and
particular attention was paid to weeks with peak
flowering/fruiting when limited water effects would
be most pronounced.

Soil temperature was recorded at a 10 cm depth in each
pot using a Checktemp digital soil thermometer
(Hanna Instruments HI98501, Romania).
Morphological traits: The height of each tomato plant
was measured at 8 weeks after transplanting, mid-way
through the fruiting stage. Similarly, three fully
expanded leaves per plant (from the mid-canopy
position) were sampled at mid-season and their leaf
area was measured. ImagelJ software (NIH, USA) was
used to calculate leaf area after photographing the
leaves against a scale. Furthermore, chlorophyll
fluorescence parameters were measured on intact
leaves using a Handy PEA fluorimeter (Hansatech
Instruments Ltd., UK). Measurements were taken pre-
dawn (for dark-adapted Fv/Fm readings) on one young
but fully expanded leaf per plant. The fluorescence
induction curve was recorded for each sample, from
which the maximum quantum yield of PSII (Fv/Fm),
and Performance Index (PI_ABS) were determined.
Tomato fruits were harvested gradually as they
ripened (at least 75% of the fruit surface turning red).
Harvests occurred twice weekly from around 6 weeks
after transplant until the end of the season (12 weeks).
At each harvest, fruits from each plant were counted
and weighed. Likewise, total fruit number per plant,
marketable and non-marketable fruit number, total
yield per plant, and average fruit weight were
measured. Additionally, Fruit diameter (in mm) was
measured for a representative sample of 5 fruits per
plant to measure fruit size; the average fruit diameter
per treatment is reported.

Water use efficiency (WUE)
Water use efficiency was calculated at the plant level
as the ratio of total fresh yield (g per plant) to the total
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volume of irrigation water applied (L per plant) over
the season (Payero et al., 2008). Since each irrigation
event delivered the same volume (for example, if each
pot received 2 L per irrigation), plants watered every
2 days received substantially more water than those
watered every 8 days. WUE (g/L) thus provides a
measure of how efficiently each plant converted water
into economic yield. Higher WUE indicates more
yield output per unit water input, which is desirable
under water-limited conditions. WUE was computed
for each replicate, and treatment means were
compared.

Statistical analysis

All measured variables were subjected to analysis of
variance (ANOVA) appropriate for the split-plot
design, using Statistix 10 software (Analytical
Software, USA). Since seasons were analyzed
separately, season was treated as a fixed factor.
Irrigation interval (4 levels) was considered a fixed
main factor, zeolite level (5 levels) as a fixed sub-
factor, and season (2 years) was also analyzed where
applicable (though for clarity, seasons are sometimes
presented separately when interactions were
significant). Replicates (blocks) were considered
random effects. For each season, two-way ANOVAs
(Irrigation x Zeolite) were performed when data were
analyzed season-wise. Where ANOVA indicated
significant effects (p < 0.05), treatment means were
compared using Fisher’s Least Significant Difference
(LSD) test at the 5% significance level. All statistical
comparisons mentioned are at p < 0.05 unless
otherwise stated. Data are presented as means =+
standard deviation (SD) where appropriate.

Results

Soil moisture content: Soil moisture content was
significantly affected by irrigation frequency, zeolite
amendment, and their interaction in both seasons (p <
0.001,

Figure-1).

Irrigation  frequency: Soil moisture  declined
progressively as irrigation intervals increased (Figure
1). In Season 1, mean soil moisture before irrigation
decreased from 16.4% (2-day) to 12.9% (8-day). A
similar pattern occurred in Season 2, with
corresponding values of 17.9% and 14.5%,
respectively. Moisture levels in Season 2 were
consistently 1-2% higher than Season 1 across
treatments.



Zeolite amendment: Across irrigation regimes, zeolite
significantly increased soil moisture retention (p <
0.001). The Z1:3 treatment consistently recorded the
highest moisture (16.3% in Season 1; 17.9% in Season
2), while the control had the lowest (13.5% and 15.0%,
respectively). Pure zeolite and intermediate mixtures
showed intermediate values.

Interaction: The irrigation % zeolite interaction was
highly significant (p < 0.001). Differences among
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zeolite treatments were small under frequent irrigation
but pronounced under long intervals. At the 8-day
interval in Season 1, soil moisture dropped to 8.5% in
the control but remained 12% in Z1:3; in Season 2,
corresponding values were 10.1% and 14%. Thus,
Z1:3 under an 8-day interval maintained moisture
comparable to the control at a 6-day interval,
indicating a buffering effect of zeolite (Figure 1).
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Figure-1. Soil moisture content (%) in tomato plots under different irrigation intervals and zeolite amendment
levels. Blue bars represent the first season, red bars represent the second season. Bars show mean =+ standard deviation.

Soil temperature: Soil temperature at 10 cm depth was
significantly influenced by irrigation frequency and its
interaction with zeolite in both seasons (

Figure-2).

Irrigation frequency: Increasing irrigation intervals led
to higher soil temperatures. In Season 1, temperature
increased from 21.1°C (2-day) to 23.5°C (8-day) (F =
58.27, p < 0.0001). Season 2 showed a similar but
weaker trend (22.8-23.8°C; p < 0.0001).

Zeolite amendment and interaction: In Season 1,
zeolite effects were modest (p < 0.0005), with pure
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zeolite showing slightly higher temperatures than the
control. In Season 2, the effect was stronger (p <
0.0001), with all zeolite-amended soils cooler than the
control; Z1:3 was the coolest (22.5°C). The irrigation
x zeolite interaction was significant in both seasons
(Season 1 p <0.05; Season 2 p < 0.0001), particularly
under long irrigation intervals. At the 8-day interval in
Season 2, soil temperature reached 26.1°C in the
control but remained 23.0°C in Z1:3 (Figure 2).
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Figure-2. Soil temperature (°C) at 10 cm depth under varying irrigation intervals and zeolite amendment levels.
Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.

Vegetative growth characteristics

Plant height: Plant height was significantly affected by
irrigation, zeolite, and their interaction in both seasons
(Figure-3).

Irrigation frequency: In Season 1, plant height
declined from 38.2 cm (2-day) to 32.4 cm (8-day) (p <
0.0001). In Season 2, the reduction was from 40.9 cm
to 33.1 cm (p < 0.0001).

Zeolite amendment: Zeolite effects were significant in
both seasons (Season 1 p<0.01; Season 2 p <0.0001).
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In Season 1, Z1:1 produced the tallest plants (36.1 cm),
while pure zeolite resulted in the shortest (32.9 cm). In
Season 2, Z1:3 gave the greatest height (41.3 cm),
outperforming the control and higher zeolite
proportions.

Interaction: Under frequent irrigation, treatment
differences were small, whereas under §-day irrigation
zeolite-amended plants maintained greater height than
the control (Season 1 p < 0.05; Season 2 p < 0.05).
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Figure-3. Plant height (cm) of tomato plants as affected by irrigation intervals and zeolite amendment levels.
Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.

Leaf area: Leaf areca showed strong responses to
irrigation, zeolite, and their interaction in both seasons
(Figure-4).

Irrigation frequency: Severely limited water sharply
reduced leaf area. In Season 1, leaf area declined from
72.9-77.5 cm? (2-4 day) to 42.7 cm? (8-day) (p <
0.0001). In Season 2, leaf area declined from 152.7
cm? (2-day) to 101.2 cm? (8-day).

Zeolite amendment: Zeolite significantly increased
leaf area (p < 0.0001). In both seasons, Z1:3
consistently produced the largest leaves (68.9 cm? in
Season 1; 151.1 cm? in Season 2), while the control
had the smallest.

Interaction: Zeolite effects were amplified under
limited water (Season 1 p < 0.0001; Season 2 p <
0.001). Under 8-day irrigation in Season 2, leaf area
was 46.8 cm? in the control but 120 cm? in Z1:3
(Figure 4).
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Chlorophyll fluorescence measurement
Maximum quantum yield (Fv/Fm): Fv/Fm was
primarily influenced by irrigation in Season 1 (p <
0.05, Figure-5) but not by zeolite or interaction (Figure
5). Values declined from 0.76-0.77 (2-4 day) to 0.72
at the 8-day irrigation interval. In Season 2, Fv/Fm
values were uniformly lower (0.69-0.71), with no
significant treatment effects.

Performance index (PI_ABS): PI was more responsive
to stress than Fv/Fm (Figure-6). In Season 1, irrigation
significantly affected PI (p < 0.001), which declined
from 2.65 (2-day) to 1.32-1.37 (6-8 day). Zeolite had
no significant main effect. In Season 2, irrigation alone
was not significant, but the irrigation x zeolite
interaction was significant (p <0.01). Across intervals,
zeolite-amended treatments had higher PI (1.3-1.4)
than the control (0.92), indicating improved
photochemical performance under stress.



Asian Journal of Agriculture and Biology

Leaf area (cm?)

250.0
200.0
150.0

(S
100.0
50.0

0.0

No zeolite =_|

100% zeolite

50% zeolite: 50% soil h

No zeolite
No zeolite
No zeolite

100% zeolite

100% zeolite
50% zeolite: 50% soil “
33% zeolite, 67% soil | EGEGEGR—
50% zeolite: 50% soil E
33% zeolite, 67% soil | m——
25% zeolite, 75% soil E

m?2
100% zeolite

50% zeolite: 50% soil h

33% zeolite, 67% soil | ——

25% zeolite, 75% soil | —

25% zeolite, 75% soil L

33% zeolite, 67% soil | ——
25% zeolite, 75% soil h

2 days 4 days 6 days 8 days

M Leaf Area First Season M Leaf Area Second Season

Figure-4. Leaf area (cm?) per plant under different irrigation intervals and zeolite levels.
Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.

Fv/Fm
0.9
0.8
0.7
0.6
€
t0.5
> 04
0.3
0.2
0.1
0.0
£ £ 3 %3 3 2 £ 3% 3 3% 2 £ 335732 £ 3 3 3
o o o o
2 & R ® R 2 & R ¥ X ¥ 0 X ® ¥ & 2 x® ¥ ¥
N N o ~ n N N =) ~ n N N o ~ n N N =) ~ n
o x mn o ~ o x LN © ~ o NS LN [{e] ~ o x [Tp] o ~
2 g5 - N - . - . N - - N
s L & 8 s L £ & s £ & 2 s L g 8
(o) o (] o (@] o o o o (] o o
[0} (V] () [J] [} [V} (] (V) () [J] [V} (V]
N N N N N N N N N N N N
X X X X X R X X R X X X
o [a2] n o o™ Ln o [a2] n o (a2} n
n (a2} o~ wn o™ o~ wn (a2 o~ n (42} (o]
2 days 4 days 6 days 8 days

M Fv/Fm First Season M Fv/Fm Second Season

Figure-5. Maximum quantum yield (Fv/Fm) of tomato leaves under different irrigation and zeolite treatments.
Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.

https.//doi.org/10.35495/ajab.2025.313



Asian Journal of Agriculture and Biology

Performance Index

6.0
5.0
)
3 40
£
Y 3.0
oy
©
g 20
S
o
h=
o 1.0
[a W
0.0
£ £ 3 3 % £ £ 3 3
B S R O R SR S
N N o ~ n N N o ~
o) x N ] ~ o xX n O
= 35 R s 2 s . R
s L& 2 3 s g 2
o o] (] (o] o
[0} [J] [J] Q [J]
N N N N N
X X X X X
o m n o m
[Tp] m (a\] n m
2 days 4 days

B Performance Index First Season

25% zeolite, 75% soil —|_'

No zeolite !_'

100% zeolite

50% zeolite: 50% soil [
33% zeolite, 67% soil [
25% zeolite, 75% soil m

No zeolite

100% zeolite

50% zeolite: 50% soil E_'

33% zeolite, 67% soil [
25% zeolite, 75% soil |

6 days 8 days

B Performance Index Second Season

Figure-6. Performance Index (PI) of tomato plants under different irrigation intervals and zeolite amendment
levels. Blue bars represent the first season, red bars represent the second season. Bars show mean =+ standard deviation.

Yield, fruit quality and water use efficiency
Fruit yield and number

Effect of irrigation frequency: Tomato fruit yield and
fruit number were strongly reduced as irrigation
intervals increased (Figure-7 and Figure-8). In Season
1, yield declined from 613.4 g plant™ (2-day) to 265.5
g plant™ (8-day), a 57% reduction (p < 0.001). Fruit
number followed the same pattern, decreasing from
29.8 fruits plant™ (2-day) to 15.3 fruits plant™ (8-day)
(p<0.001). In Season 2, yield remained higher overall
but still declined significantly from 924 g plant™ (2-
day) to 580 g plant™ (8-day) (p = 0.0008), and fruit
number decreased from 39 to 25 fruits plant™ across
the same intervals.

Effect of zeolite amendment: Zeolite significantly
affected yield and fruit number in both seasons (p <
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0.01), but responses were not strictly proportional to
amendment rate. Across irrigation levels, Z1:3 and the
control produced the highest yields, whereas Z1:2
consistently recorded the lowest yield and fruit
number. Pure zeolite (Z1:0) and higher proportions
(e.g., Z1:1) generally produced intermediate values.
Interaction (irrigation x zeolite): The interaction
between irrigation and zeolite was significant for yield
and fruit number (p < 0.05), indicating that zeolite
effects were more evident under longer irrigation
intervals. Under severe deficit irrigation (8-day), Z1:3
consistently maintained higher yield and fruit number
than the control, whereas under frequent irrigation (2-
day), the control often achieved the maximum yield
potential (Figure 7 and Figure 8).
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Figure-7. Fruit yield per plant (g) under different irrigation intervals and zeolite amendment levels.
Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.
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Fruit quality (size and marketability)
Marketable vs unmarketable fruit: Limited water
significantly reduced marketable fruit number (p <
0.001) (Figure-9 and

Figure-10). In Season 1, marketable fruit declined
from 27.3 fruits plant™ (2-day) to 13.8 fruits plant™ (8-
day). In Season 2, the same decreasing trend occurred,
with the highest marketable fruit numbers observed
under frequent irrigation (particularly in combinations
involving Z1:3). Zeolite generally increased
marketable fruit number, with Z1:3 producing the
highest marketable fruit counts among zeolite
treatments, while Z1:2 tended to be lowest. The
interaction effect on marketability was not significant,
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indicating that zeolite mainly influenced marketable
output by increasing total fruit number rather than
changing the proportion of marketable fruits.

Fruit size (diameter): Fruit diameter was moderately
affected by irrigation interval, with significant
reductions mainly at the longest interval (p < 0.05) (
Figure-11). In Season 1, fruit diameter was 34-35 mm
under well-watered treatments and decreased to 29.4
mm at the 8-day interval. In Season 2, fruit diameter
was slightly larger overall (2-day 35.7 mm) and again
declined under 8-day irrigation (30-32 mm). Zeolite
effects on fruit size were smaller than irrigation
effects, but Z1:3 (and in some cases Z1:2) tended to
maintain slightly larger diameters than the control
under deficit irrigation.
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Figure-9. Marketable fruit number per plant of tomatoes grown under various irrigation intervals and zeolite
amendment levels. Blue bars represent the first season, red bars represent the second season. Bars show mean + standard

deviation.
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Figure-11. Average fruit diameter (mm) under varying irrigation and zeolite treatments.
Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.
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Water use efficiency (WUE)

Effect of irrigation frequency: Water use efficiency
increased as irrigation interval increased (Figure-12.
Water use efficiency (%) of tomato plants under
different irrigation intervals and zeolite amendment
levels. Blue bars represent the first season, red bars
represent the second season. Bars show mean + standard
deviation.), indicating higher yield per unit water under
deficit irrigation. The highest WUE was generally
observed under moderate deficit irrigation (commonly
the 6-day interval), where water savings were
substantial but yield losses were not as extreme as
under the 8-day interval.
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Effect of zeolite amendment: Zeolite further improved
WUE across irrigation intervals, with the greatest
improvements under deficit irrigation (Figure 12).
Treatments with Z1:3 frequently produced the highest
WUE values, reflecting its ability to sustain higher
yields at reduced watering frequency.

Seasonal difference: WUE was generally higher in
Season 2 than Season 1, consistent with the higher
yields recorded in Season 2 under comparable
irrigation regimes.
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Figure-12. Water use efficiency (%) of tomato plants under different irrigation intervals and zeolite amendment
levels. Blue bars represent the first season, red bars represent the second season. Bars show mean + standard deviation.

Discussion

Drought is a critical constraint for agriculture in arid
and semi-arid regions, therefore, strategies that
enhance soil water retention and crop water use
efficiency are essential for better plant production
(Zwingmann et al., 2009). This study evaluated the
potential of natural zeolite as a soil amendment to
mitigate drought stress in tomatoes.

Intervals of water application significantly affected
soil moisture (

https.//doi.org/10.35495/ajab.2025.313

Figure-1). Similar findings have been reported by
Chartzoulakis and Klapaki (2000) and Krol (2020).
These periods of dryness within the soils lead to water
stress in the plants, where the soils do not hold
sufficient water. It was observed that zeolite
application enhanced soil moisture retention (

Figure-1). Similar results have been observed
previously by Mumpton (1999) and Polat et al. (2004),
who postulated that zeolite and its structure lead to
better moisture retention as well as enhanced capillary
action which lead to better soil moisture availability
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(Eshghi et al., 2024; Zwingmann et al., 2011). These
benefits were more evident in 8-day interval irrigation,
where moisture unavailability led to water loss stress
on plants, coinciding with the findings of Mondal et al.
(2021). The soil temperature also followed a similar
trend, where drought conditions led to rise in
temperatures (

Figure-2). Similar results have been reported
previously (He et al., 2024). The results were not
evident in the first season as they were in the second,
coinciding with the results of Ramesh and Reddy
(2011). The results also indicate the capacity of zeolite
in regulating soil moisture and temperature, which can
have a direct impact on soil as well as plant growth
characteristics.

Alongside the soil characteristics, plant growth
parameters including plant height and leaf area
showed changes due to limiting water circumstances,
which is in line with the results observed previously
(Bakhsh et al., 2025; Mukherjee et al., 2023; Patané et
al., 2011). However, zeolite-treated plants had more
plant height and leaf area, indicating improved water
and nutrient availability (Figure-3 and Figure-4). The
results are in line with the findings of Paliaga et al.
(2025) and Szatanik-Kloc et al. (2021). It was also
noteworthy that 25% zeolite was the most effective
strategy, which translates it to that optimal levels of
zeolite are important. Much higher quantity of zeolite
may lead to soil structure degradation, which
ultimately may have damaged soil characteristics as
put forward by Zhang et al. (2023). The reduced
performance at higher zeolite concentrations (Z1:1,
7Z1:0) may be attributed to over-alteration of soil
structure, leading to lower cohesion, faster drainage,
and reduced nutrient retention. Moderate doses
(~25%) provided optimal pore structure and moisture
buffering without compromising nutrient or water-
holding balance, as similarly reported by Zhang et al.
(2023). Likewise, soil pores may also be changed due
to application of zeolite, which can affect the moisture
retention. Another notable point was that effect of
zeolite was more evident where there were water stress
conditions, bringing it to better application strategies.
The leaf area as supported by better soil moisture
through zeolite (Figure-4), helped plants with better
yields. The leaf area linked with photosynthesis;
Fv/Fm and Performance Index (Figure-5 and Figure-
6), where reduction indicated drought stress (Grieco et
al., 2020; Maxwell and Johnson, 2000) in non-zeolite
plants, while better values such as 0.7 in zeolite treated
plants showed limited to no stress (Stirbet and

https.//doi.org/10.35495/ajab.2025.313
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Govindjee, 2011; Zuo et al., 2025). Zeolite helped
maintain PI in Season 2, suggesting better
physiological function and stress mitigation (Zhong et
al., 2025).

Yield attributes of tomato plant declined significantly
with reduced irrigation, as reported in previous studies
(Chartzoulakis and Klapaki, 2000; Patan¢ et al., 2011).
However, WUE improved, particularly with moderate
deficit irrigation. Zeolite improved yield under stress
and raised WUE, confirming its role in conserving
water while maintaining productivity. Hazrati et al.
(2022) similarly reported WUE improvements with
zeolite in drought-stressed crops. Optimal zeolite
levels when applied 25% improved performance;
higher levels did not provide additional benefits and
could reduce yield due to issues like nutrient leaching
and changed soil structure. Pure zeolite lacked organic
matter and key nutrients, which may have limited
performance. This at par with Polat et al. (2004), who
recommended moderate zeolite application doses.
Under well-watered and frequent irrigations
conditions, zeolite did not boost yield, indicating that
the native clay loam retained moisture effectively. But
under stress, zeolite-amended soil performed better
(Figure-7). These findings replicate the results from
biochar and hydrogel research showing that
amendments offer the greatest benefits under drought
(Tang and Tan, 2026). Practically, a 25% zeolite mix
in clayey soils could allow growers to extend irrigation
intervals without major yield loss. For example,
zeolite-treated plants under 6-day irrigation yielded
similarly to untreated plants under 4-day irrigation,
saving up to one-third of the water. Jordan’s natural
zeolite deposits present an accessible and cost-
effective resource. If zeolite application is feasible
economically, farmers could benefit from its long-
term effects, as zeolite is not easily degraded and may
improve soil quality across seasons (Antonoglou et al.,
2025). Combining zeolite with good practices, drip
irrigation, balanced fertilization, and mulching, would
enhance benefits further.

Regardless of the zeolite benefits, this study had a few
limitations. For example, this research was conducted
in pots, and showed potential of zeolite for improving
water retention, regulating temperature, and enhancing
plant productivity under drought. Field trials are
needed to confirm scalability, assess long-term
impacts on soil microbiota and fertility, and optimize
application methods. Therefore, natural zeolite
improves soil water retention, regulates temperature,
sustains physiological functions, and enhances WUE
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in tomatoes under deficit irrigation. Moderate zeolite
application (20-30%) is recommended for clay or loam
soils. This strategy supports climate-resilient
agriculture and water conservation in arid regions like
Jordan.

Conclusion

The addition of zeolite significantly improved soil
moisture, but the low Z1:3 ratio performed the best and
was the most effective. Higher zeolite content did not
further improve moisture retention compared to Z1:3.
Soil temperature increase was higher as the irrigation
interval increased from 2 to a maximum of § days in
both seasons suggesting a rapid response of the root-
soil system. The addition of zeolite reflects the ability
to modify the thermal properties of soil under limited
water conditions, particularly at long intervals
between irrigations. The effectiveness of zeolite is
most significant and evident in conditions of drought
or infrequent irrigation intervals. It acts as a reservoir
or storage of water in the soil, preventing it from
drying out rapidly. Adding zeolite is an effective
technique for improving soil properties and water
requirements, especially in arid or semi-arid regions,
or when water is limited as well as being an expensive
resource. Using zeolite at a medium to low ratio (Z1:3)
yields the best results. High zeolite application is not
suitable for clayey soils and may lead to reduced yield
due to increased permeability and poor water retention
under the conditions of this study.
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