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Abstract

Water scarcity and the rising cost of chemical fertilizers pose major challenges to sustainable crop production in Egypt, particularly in sandy soils with low
fertility. This study was conducted during the winters of 2022-2023 and 2023-2024 to investigate the combined effects of different irrigation levels and
Nostoc algae extract on soil properties and wheat (Triticum aestivum) productivity. Three irrigation levels (100%, 80%, and 60% of crop evapotranspiration
[ETc]) were evaluated with and without added algae. To analyze our data, we performed an analysis of variance (ANOVA) to evaluate differences among the
treatments; correlation analysis was conducted to assess the relationships among soil properties and plant properties. The results showed that application
of algae significantly increased soil organic matter under all irrigation treatments. In contrast, soil pH decreased in response to addition of algae, with the
greatest reduction observed under the 60% ETc treatment (0.29 and 0.31 units in the first and second growing seasons, respectively). Water productivity
differed significantly among treatments, following the order: 80% ETc > 100% ETc > 60% ETc (p < 0.05). The application of algae under the 80% ETc regime
increased water productivity by 12.01% and 12.19% in the first and second seasons, respectively, compared with the treatment without algae. Moreover,
organic matter exhibited a strong positive correlation with N, P, and K contents in both straw and grain. The total yield reached its greatest level at 100% ETc
with algae (5,526.43 + 61.30 kg feddan™'), whereas the lowest value was reported at 60% ETc without algae (2,880.97 + 37.81 kg feddan™'). Overall,
application of algae contributed to improved soil properties, enhanced soil nutrients, structure and moisture retention, and mitigated yield losses
associated with reduced irrigation. These findings suggest that integrating algae biofertilizers with deficit irrigation strategies can serve as a sustainable
approach to improve wheat production in sandy soils under water-limited conditions.
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Introduction

Wheat (Triticum aestivum L.) is the most important food crop in
the world. It provides about one-fifth of the daily calories and pro-
tein for more than two billion people and takes up more land than
any other food crop!'l. It has been domesticated for a long time and
can grow in a wide range of environments, from temperate to arid
zones. This has made it important for both subsistence and com-
mercial agriculture. However, the things that made wheat so suc-
cessful in the past are becoming harder to do in the 21st Century:
worsening droughts, competition for water between sectors, soil
degradation, and higher production risk[2],

In Egypt, where wheat is the main food and a key part of social
stability, these pressures are especially strong. Egypt is the world's
largest wheat importer because it only grows about half of what it
needs (about 9-10 million tonnes in recent years). The production
system is limited by water because there is not much arable land
(about 6%), there is not much rain, and the Nile's water is heavily
relied on and managed through a large amount of infrastructurel34.,
The irrigation network is experiencing financial losses, and the
increasing demand exacerbates the situation. One of the country's
most important social safety nets is bread subsidies, which mean
that people must always have bread at homel®l, In this context, tech-
nologies that enhance water productivity while maintaining yield
are not only advantageous for farming but also crucial for ensuring
the country's food security.

© The Author(s)

Reclaimed land with sandy soils has contributed significantly to
Egypt's recent agricultural growth®. These soils have big pores and
rough particles, resulting in poor water retention, poor nutrient reten-
tion, and poor cohesion. These characteristics make it more likely
that plants will lose nutrients and water. Low organic matter makes
it even harder for cation exchange and microbes to work, which
makes the cycle of low fertility and low resilience even stronger.
There is not much room for error when watering sandy soil. If one
does not provide them with enough water, they become very
stressed, and if one supplies them with too much, the water quickly
drains below the root zone, taking soluble nutrients with it/

Deficit irrigation is an effective strategy for water systems with
insufficient water resources. Deficit irrigation aims to optimize pro-
duction per unit of water by using less than complete crop evapo-
transpiration (ETc) while protecting the essential growth phases('?,
instead of focusing on maximum yield per unit of area. Minor water
deficits in wheat can elicit adaptation mechanisms such as stomatal
regulation, osmotic correction, and the activation of antioxidant
defenses. These reactions maintain stable performance under condi-
tions of water scarcity!'"'2, Deficit irrigation can significantly reduce
percolation losses in sandy soils, thus enhancing the overall effi-
ciency of irrigation. Deficit irrigation imposes physiological stress on
the organism, which may hinder growth, impair tillering, and restrict
production if not managed properly. To guarantee efficient direct
irrigation, additional techniques must be implemented to enhance
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plants' resilience and maintain the rhizosphere's activity during peri-
ods of water scarcity!'3-15],

Plant biostimulants are a new technique. Biostimulants, unlike fer-
tilizers, aim to improve physiological processes in plants and the
interactions of roots, soil, and microbes instead of directly supply-
ing nutrients'417), Cyanobacterial (blue-green algae) products,
including extracts from Nostoc spp., are particularly promising for
arid and semi-arid agriculture. Nostoc are bacteria that fix nitrogen
and have special heterocysts and an extracellular matrix that is rich
in polysaccharides!'8l. Extracts usually have phytohormone-like sub-
stances (auxins, cytokinins, gibberellins), amino acids, vitamins, anti-
oxidants, and other bioactives that can change the structure of the
roots, photosynthesis, and stress signaling!'?l. In addition to foliar or
root effects on the plant, Nostoc's extracellular polymeric substances
and metabolites can affect the rhizosphere by promoting microbial
consortia, helping aggregates form, and slightly improving water
retention and nutrients' residence time in sandy matrices that would
otherwise leak2%,

These mechanistic characteristics render Nostoc extracts suitable
additives for deficit irrigation. Deficit irrigation conceptually intro-
duces regulated stress to conserve water; Nostoc priming can
enhance stress tolerance, sustain photosynthetic activity, and pre-
serve sink strength during grain filling2%211. At the whole-plant level,
the expected results include enhanced root length density and
branching (facilitating water and nutrient acquisition), regulated
canopy temperature through improved stomatal control, and dimin-
ished oxidative damage during intermittent deficitsl22, At the inter-
face between the soil and roots, exopolysaccahride (EPS)-mediated
microaggregation and increased microbial activity may slightly slow
the movement of water and make nutrients more available, which
would help to overcome the natural problems of sandy substrates.
The advantage of this priming is probably not linear; the interaction
may be strongest at moderate deficits (for example, 80% ETc), where
physiological buffering can maintain yield, and may taper off at
severe deficits (for example, 60% ETc) if the stress is too much for
the plant to handlef23.24],

Notwithstanding a robust theoretical framework, empirical inves-
tigations at the field level that combine deficit irrigation with Nostoc-
based biostimulants in sandy soils are limited, especially under
applicable irrigation thresholds (100%, 80%, and 60% ETc) and feasi-
ble spray schedules for farmers. Previous research has primarily
focused on biostimulants or irrigation techniques independently,
neglecting potential synergistic or antagonistic relationships. To
address this deficit, the present work used clearly defined irrigation
techniques, applied a designated Nostoc extract during the critical
growth phases, and assessed agronomic outcomes related to water
productivity in coarse-textured soils. Nostoc extract facilitates physi-
ological priming and rhizosphere conditioning, thus mitigating the
performance detriments typically associated with deficit irrigation.
The expected advantages include enhanced water productivity and
increased grain yield per unit of applied water without a corre-
sponding decrease in productivity, particularly when the deficit irri-
gation is mild (80% ETc). This strategy provides advantages for agri-
culture and promotes sustainability by conserving irrigation water,
which can be allocated to various districts to expand cultivated
areas or address seasonal deficits. Moreover, the incorporation of
biological nitrogen inputs and enhanced nutrient efficiency may
reduce the reliance on synthetic fertilizers, benefiting both the
economy and the environment in Egypt's sandy soils with low
organic matter. The research aimed to (1) measure the impact of
deficit irrigation at 100%, 80%, and 60% of crop evapotranspiration
(ETc) on wheat's growth and yield; (2) analyze the effectiveness of
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Nostoc extract (administered via two foliar sprays at 30 and 45 days
after sowing, at a concentration of 200 mL L~") under each irrigation
condition; and (3) evaluate the synergistic effects of deficit irriga-
tion and Nostoc treatment, with an emphasis on preserving yield
and improving water productivity.

Materials and methods

Experimental design and treatments

The experiments were conducted at the experimental farm of
Arab El-Awammer Research Station Agricultural Research Center
(ARC) (latitude 27°16' N, longitude 31°08' E and 71 m above sea
level), Assiut, Egypt. The physical and chemical characteristics of the
experimental site are shown in Table 1. In addition, the climatic data
of the experimental area during the growing seasons are presented
in Table 2. We used a randomized complete block design (RCBD) in a
split-plot setup with three replicates on sandy calcareous soil. The
main plots received three irrigation levels: 100%, 80%, and 60% of
ETc, representing full supply, moderate deficit, and severe deficit.
Subplots received either no algae or a Nostoc algae extract applied
twice at 30 and 45 days after sowing, coinciding with tillering and
early stem elongation, when modulation of root growth, tiller sur-
vival, and canopy development can have very strong effects on the
subsequent resource capture and yield formation. The application
dose (200 mL extract per L spray solution) reflects a practical rate
used in on-farm biostimulant programs and ensured operational
relevance. The drip irrigation system consisted of 16-mm GR polyeth-
ylene tubing with integrated emitters spaced 30 cm apart. Lateral
lines were arranged 50 cm apart, and each emitter delivered water
at a rate of 4 L h=1 under a pressure of 1.5 bars. The wheat cultivar
('Sids-12") was sown at a seeding rate of 80 kg feddan~' (one feddan
= 4,200 m?) on 28 and 30 November during the 2022-2023 and

Table 1. Physical and chemical properties of representative composite soil
samples from the experimental field site.

Property Value
Sand (%) 87.67
Silt (%) 8.06
Clay (%) 427
Texture grade Sand
Water-holding capacity (%) 23.08
Bulk density (ton m3) 1.65
Organic matter (%) 0.78
CaCO; (g kg™ 280.5
PH () 8.46
EC .1 (dsm™) 0.58
Soluble cations (mmol kg™")
Calcium 1.67
Magnesium 0.69
Sodium 0.83
Potassium 0.26
Soluble anions (mmol kg™")
Bicarbonate 0.43
Chloride 1.54
Sulfate 1.92
Available macronutrients (mg kg™)
Nitrogen 322
Phosphorus (Olsen) 7.9
Potassium 40.1

EC electrical conductivity.
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Table 2. Mean monthly meteorological data obtained from the Assiut weather
station during two seasons, 2022-2023 and 2023-2024.

Temperature (°C)

Relative  Wind speed Sunshine

Max Min humidity (%) (km/h)  hours (h)
2022-2023 December 229 9.3 57.6 9.6 9.0
January 211 7.1 56 10.1 8.9
February  20.2 6.1 51 11.8 9.7
March 27.1 12.1 343 9.9 9.9
April 315 15.1 255 14.2 103
2023-2024 December 23.4 9.9 60.2 8.9 9.0
January 20.9 7.1 53.2 9.1 8.9
February 21.9 8.2 46.3 10.5 9.7
March 26.6 1.1 36.5 10.9 9.9
April 32.1 16.6 326 13.7 10.3

2023-2024 winters, respectively. Harvesting took place on 25 and 26
April in the first and second seasons, respectively. All agronomic
practices were carried out according to the standard recommenda-
tions of the Egyptian Ministry of Agriculture. Phosphorus and potas-
sium fertilizers were applied at rates of 30 kg P,05 feddan—' and
50 kg K,0 feddan-. Triple superphosphate (46% P,0s) was incorpo-
rated into the soil in a single dose before planting, whereas potas-
sium sulfate (50% K,0) was applied in two equal splits during the
growing season. Nitrogen fertilizer was supplied through the irriga-
tion system as ammonium nitrate (33.5% N), applied in six equal
fertigation doses starting 15 days after planting and continuing at
10-day intervals.

Soil and plant analysis

To determine the nitrogen, phosphorus, and potassium, plant sam-
ples were air-dried then oven dried at 70 °C to a constant weight.
Accurately weighed samples of 0.5 g of the dried ground materials
were subjected to wet digestion using a mixture of sulfuric acid and
hydrogen peroxidel?>]. The digested materials were subjected to anal-
ysis to determine the N, P, and K contents. Nitrogen concentration
was determined via the modified Kjeldahl method[26l. However, phos-
phorus was calorimetrically measured according to Jackson27!, Potas-
sium was measured by flame photometry following Jackson!27],

CROPWAT model

The CROPWAT model was used to calculate reference evapotran-
spiration according to the Penman-Monteith model. Crop evapo-
transpiration was calculated according to Allen et al. as follows[28l:

Table 3. Effect of irrigation levels and algae on soil properties.
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ET,. = ETyxK. 1)
where, ET, is crop evapotranspiration; ET, is the reference evapo-
transpiration, and K. is the crop coefficient (from FAO Paper 56)%%),

The amounts of actual irrigation water applied under each irriga-
tion treatment were determined via the following equation from
James!29l;

ET.+Lf
==& @)
where, IR, is the total actual irrigation water applied (mm) per interval,
ET. is the crop evapotranspiration calculated by the CROPWAT model
(8), Lf is the leaching factor (10%), and E, is the irrigation system's
efficiency.

The irrigation water productivity (kg m=3) values were calculated
as follows:

IR,

Grain yield (kg fed™")

Wat ductivity =
ater procuctivity Irrigation water applied (m3 fed—1!)

3

Data analysis

Data analysis was conducted using SPSS version 20 (SPSS Inc.,
USA). The normality of the data was verified prior to analysis. Analy-
sis of variance (ANOVA) was performed to assess differences in the
soil indicators among the treatments (p <0.05), and means were
compared using Duncan's multiple range test at the 5% level. Corre-
lation analyses examining the relationships among soil and plant
properties were conducted using OriginPro 2021. A partial least
squares structural equation model (PLS-SEM) was constructed using
SmartPLS 4 to elucidate the direct and indirect effects of key vari-
ables on water productivity. The model's fit was primarily evaluated
using the standardized root mean square residual (SRMR) and the
normed fit index (NFI), which are recommended global fit measures
in PLS-SEM. The model showed an excellent fit, with an SRMR value
of 0.00 (below the 0.08 threshold) and an NFI value of 1.00, indicat-
ing the mode'ls very good performance overall. The variables were
selected according to the study's core hypothesis and supported
by preliminary correlation and multicollinearity tests, ensuring the
statistical robustness and clarity of the model.

Results

Effect of irrigation levels and algae treatment on
soil properties

By studying the soil properties (Table 3) with the treatments
applied in the experimental field, we find that the application of

OM (%) WHC (%) pH EC(dsm™)
Irrigation Algae
2022-2023 2023-2024 2022-2023 2023-2024 2022-2023 2023-2024 2022-2023 2023-2024
100% Without 0.84 +£0.00 0.86 £ 0.01 22.77+0.18 23.43+0.43 8.12+0.05 8.16 £ 0.07 0.33 £0.01 0.34 £ 0.00
With 0.89 +£0.00 0.89 £ 0.02 23.57 £0.46 24.10+0.22 8.04+£0.04 8.03+0.03 0.36 £ 0.01 0.36 £ 0.01
80% Without 0.82£0.01 0.83+£0.01 22.88+0.26 23.55+0.43 8.16£0.10 8.10+£0.03 0.59+0.03 0.59 £0.01
With 0.94 + 0.00 0.95 +0.00 24.07 £0.73 2447 £0.33 8.03+0.03 8.02+0.01 0.62 +0.01 0.61 +0.01
60% Without 0.82 £ 0.02 0.83+£0.01 2230+ 0.56 22.97 £0.03 842 +0.09 8.35+0.04 0.63 +£0.02 0.62 £ 0.01
With 0.93+£0.00 0.95 £ 0.02 24.22+0.26 24.38+0.19 8.13+£0.05 8.04 £0.04 0.69 +0.01 0.67 £ 0.00
Irrigation ** ns ns ns ** ** ** **
Algae *% *% *% *% *% *% *% *%
interaction *x ** ns ns * ** ns **

Data are presented as the mean * standard deviation. OM, organic matter; WHC, water-holding capacity; EC, electrical conductivity. * p-value < 0.05, ** p-value <0.001;

ns = nonsignificant.
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algae increased the percentage of organic matter in the soil under
all irrigation treatments and was higher under 80% ETc and 60%
ETc, was higher in the second season (0.95 + 0.00) for both treat-
ments, and took the same direction. The electrical conductivity (EC)
and water-holding capacity (WHC) did not record any significant
differences between the water treatments and the algae treatments
(p £0.05). The soil pH was in the completely opposite direction, as
the application of algae led to a decrease in the acidity and this
decrease grew greatest with a decrease in the amount of water
applied under 60% ETc, where a decrease of 0.29 was recorded in
the first season and a peak of 0.31 in the second season.

Water productivity under different irrigation
levels and algae treatments

Figure 1 presents the paired samples' t-test results comparing
the effect of algae treatment on water productivity under different
irrigation levels (100%, 80%, and 60% of ETc). Across all irrigation
regimes, the algae treatment increased water productivity relative
to the corresponding treatments without algae. The increases were
statistically significant at 100% ETc and 80% ETc (p < 0.05), but not

2022/23 2023/24 Without algac
1.0 A A ith algae
. k% B kK
- € | — C
ok s % _ns

o
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I

2,

ot

2

= 0.6

100% ETc 80% ETc  60% ETc | 100% ETc 80% ETc 60% ETc
Treatments

Fig. 1 Paired samples t-test analysis comparing the effect of applying
algae on water productivity under different irrigation levels. *p <0.05;
**p <0.001; ns = nonsignificant. A, B, and C refer to the differences
between the means of various irrigation levels.

Table 4. Effect of irrigation levels and algae on wheat yield.

Effect of stimulants on wheat productivity

at 60% ETc in the first season (p = 0.86) and the second season
(p = 0.58). Application of algae under 80% ETc increased water
productivity by 12.01% and 12.19% in the first and second seasons,
respectively, compared with the treatment without algae.

Effect of irrigation levels and algae treatment on
plant characteristics and nutrient concentrations

Table 4 shows that plant characteristics (plant height, total yield,
grain yield, straw yield, and seed index) increased with increasing
irrigation water and algae treatment. The lowest value was recorded
at 60% ETc without adding algae in both seasons. Significant differ-
ences were found for irrigation levels and algae treatments (p <
0.05). No significant differences were found for the interaction
between them except for the seed index in the second season. For
example, total yield recorded the highest value at 100% ETc in the
second season with algae (5,526.43 + 61.30 kg feddan"), but the
lowest value was recorded in the first season under 60% ETc with-
out algae (2,880.97 + 37.81 kg feddan"). Tables 5 and 6 show the
nutrient concentrations in the straw and grain. We observe that the
addition of algae led to a significant increase (p <0.05) in nutrient
concentrations in both straw and grain under all irrigation treat-
ments. For example, the percentage of N in the straw reached its
highest level at 60% ETc with algae (0.74 £ 0.01) and its lowest value
at 100% ETc without algae (0.45 + 0.02).

Relationship between soil properties and plant
characteristics

The correlation matrix illustrates the interrelationships among soil
and plant variables (Fig. 2). Organic matter exhibited a significant
positive correlation with N, P, and K contents in both the straw
and grain, indicating that nutrient accumulation in plant tissues
is strongly associated with soil organic matter status. Conversely,
organic matter exhibited a significant negative correlation with soil
pH, indicating that elevated organic matter levels are associated
with intensified soil acidification processes. Soil pH demonstrated
significant negative correlations with most nutrient parameters,
including N, P, and K in the plants, highlighting that nutrient avail-
ability tends to increase under a decline in soil pH. Strong positive
correlations were also observed among plant nutrient contents
(N, P, and K), reflecting their co-accumulation in plant tissues and
suggesting possible synergistic uptake mechanisms. Furthermore,
soil and plant nutrient concentrations were positively correlated,

| Plant height (cm) Total yield (kg feddan™") Grain yield (kg feddan™')  Straw yield (kg feddan™") Seed index (g)
Irrigation  Algae
9 9 2022-2023 2023-2024 2022-2023 2023-2024 2022-2023 2023-2024  2022-2023 2023-2024 2022-2023 2023-2024
100% Without  97.07 + 10433 + 4,866.33+ 5,130.03 + 1,81583+ 193247 + 3,050.53+ 3,197.57 + 49.07 £ 5237 +
1.15 2.16 128.56 23.09 35.72 23.77 135.71 21.96 0.57 0.55
With 100.00 + 107.50 = 518450+ 552643+ 1,989.03+ 2,097.13 % 3,19550+ 3,429.30+ 50.00 + 5340+
1.87 1.13 90.56 61.30 31.24 31.76 98.58 58.75 0.10 0.26
80% Without  90.80 + 97.20 + 4,488.57+ 478273+ 1,590.83+ 1,699.53 + 2,897.73+ 3,083.20 + 4477 + 47.60
3.26 1.00 35.61 22.15 27.32 15.30 56.79 33.52 0.58 0.61
With 93.93 + 101.97 £ 4,758.60+ 5,028.33+ 1,781.97+ 1,906.67 + 297670+  3,121.70 4693 + 50.30 +
3.05 1.93 197.37 155.44 15.47 16.61 211.23 171.29 0.15 0.26
60% Without 7593 + 7840+ 2,880.97+ 3,031.13 % 1,01850+ 1,050.40 + 1,862.53+ 1,980.80 + 36.53 + 38.80 +
0.76 0.56 37.81 18.82 97.45 70.54 112.92 54.87 0.49 0.10
With 80.00 + 8343+ 3,107.83+ 3,282.97 + 1,13230+ 1,217.63 % 1,97550+ 2,06533 + 3827+ 4093 +
0.26 0.95 58.75 20.07 13.05 24.40 57.12 20.48 0.55 0.59
|rl’igati0n *% *% *% *% *% *% *% *% *% *%
Algae *¥ *% *% *% *% *¥ ns *¥ *¥ *%
Interaction ns ns ns ns ns ns ns ns ns *

Data are presented as the mean * standard deviation. * p < 0.05; ** p £ 0.001; ns = nonsignificant.
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Table 5. Effect of irrigation levels and algae on the nutrient content of straw.
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N in straw (%)

P in straw (%) Kin straw (%)

Irrigation Algae
2022-2023 2023-2024 2022-2023 2023-2024 2022-2023 2023-2024
100% Without 0.45 £0.02 0.45 £0.01 0.18 £0.01 0.18 £0.01 1.24 +0.01 1.27 £0.01
With 0.57 +0.02 0.59 +0.02 0.19+0.01 0.19+£0.01 1.27 £0.01 1.30£0.01
80% Without 0.51+0.02 0.53 +0.01 0.18 +0.01 0.18 £ 0.01 1.25+0.01 1.29+£0.01
With 0.63 £0.02 0.65 £0.01 0.20 £0.01 0.20 £0.01 1.28 £0.01 1.31+0.01
60% Without 0.60 + 0.02 0.62 +0.01 0.19+0.01 0.19+£0.01 1.27 £0.01 1.30£0.01
With 0.72+0.01 0.74 +0.01 0.20+0.01 0.20 +0.01 1.30£0.01 1.34£0.01
Irrigation ** ** * ns ** **
Interaction ns ns ns ns ns ns

Mean = standard deviation. N nitrogen, P phosphorus, K potassium. * p value < 0.05; ** p value < 0.001; ns = nonsignificant.

Table 6. Effect of irrigation levels and algae on the nutrient content of grain.

N in grain (%)

P in grain (%) K'in grain (%)

Irrigation Algae
2022-2023 2023-2024 2022-2023 2023-2024 2022-2023 2023-2024
100% Without 1.59+£0.01 1.64 £ 0.01 0.31+£0.01 0.32+£0.01 0.63 +0.01 0.65+0.01
With 1.72£0.01 1.74 £ 0.00 0.43+0.02 0.44 +0.01 0.67 £0.02 0.69 £ 0.02
80% Without 1.71 £0.01 1.75 £ 0.00 0.39+0.01 0.40 £ 0.01 0.64 + 0.01 0.66 + 0.01
With 1.92 £0.04 1.98 + 0.04 0.54 +0.02 0.55+£0.02 0.73+£0.01 0.75+0.01
60% Without 1.94 +0.05 1.95 + 0.00 0.44 +£0.02 0.44 +0.01 0.71 £0.01 0.72+0.01
With 2.05+0.03 2.05+0.04 0.63 +0.01 0.64 £ 0.01 0.75+0.01 0.77 £0.01
Irrigation *¥* *% *¥ *% *¥ *%*
Algae *%* *% *% *% *% **
Mean =+ standard deviation. N nitrogen, P phosphorus, K potassium. * p value < 0.05, ** p value < 0.001; ns = non-significant.
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Fig. 2 Pearson's correlation analysis of soil and plant properties under different irrigation levels and algae treatments. OM, organic matter; WHC, water-

holding capacity; NPK (soil).

indicating that improved soil fertility directly enhances plants' nutri-
ent acquisition.

Irrigation water applied at different growth
stages

Figure 3 illustrates the irrigation water applied (m3 feddan~') at
different growth stages of wheat under three irrigation levels (100%,

Hefzy et al. Circular Agricultural Systems 2026, 6: €011

80%, and 60% ETc) during the 2022-2023 and 2023-2024 growing
seasons. In both seasons, the amount of irrigation water increased
progressively from the initial to the mid-season stage, followed
by a decline during the late-season stage. The mid-season stage
recorded the highest level of irrigation water, reflecting the period
of peak water demand for wheat growth. Across both years, the irri-
gation levels showed a consistent pattern: The 100% ETc treatment
received the highest total amount of water, followed by 80% ETc
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Fig. 3 Irrigation water applied (m3 feddan™) at different growth stages
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of wheat grown under different irrigation levels during the two seasons
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Fig. 4 Partial least squares structural equation model of the effects of organic matter (OM), WHC, and available soil N, and grain yield on water
productivity, with and without the application of algae. Blue and red indicate positive and negative effects, respectively. Dashed arrows show that

coefficients did not differ significantly (p < 0.05).

and 60% ETc. Although the overall trend was similar between the
two seasons, slightly higher irrigation volumes were recorded in
2023-2024 compared with 2022-2023, which may be attributed to
variations in climatic conditions or reference evapotranspiration
(ET,) during the growing periods (Fig. 4).

Discussion

Response of yield and nutrient concentration to
irrigation levels and algae treatment

The results presented in Table 3 demonstrate that characteristics
including plant height, total yield, grain yield, straw yield, and seed
index significantly benefit from both increased irrigation levels and
algae treatment, with the lowest value observed at 60% ETc irriga-
tion without algae. This aligns well with existing literature indicat-
ing that optimal irrigation levels improve plants' physiological para-
meters, such as relative water content, leaf area, and yield compo-
nents, by ensuring that sufficient water is available for metabolic
processes and growth. Supplementing irrigation with algae further
enhances these effects, likely due to algae’s biofertilizer properties,
which can improve nutrient uptake, soil fertility, and stimulate plant
growth hormones2°-33], The study shows that plant growth traits
like height, total yield, grain yield, straw yield, and the seed index
increase with higher irrigation levels because the optimal water
supply supports better physiological functions, nutrient uptake, and
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metabolic processes in wheat plants. Stress from lower irrigation
levels (e.g., 60% ETc) reduces these attributes as a result of water
deficits' effects on growth and grain filling34351, The application of
algae extracts such as foliar sprays or biofertilizers enhances the
growth and yield of wheat by providing additional nutrients, growth
hormones, and bioactive compounds, which improve photosynthe-
sis, nutrient efficiency, and stress tolerance. For example, spraying
algae extract at higher concentrations significantly increased grain,
straw, and biological yields in wheat3. Studies have found the
significant effects of irrigation and algae on wheat's yield compo-
nents individually, although their interaction was mostly not signifi-
cant except for some traits, such as teh seed index, in certain
seasons. The highest total wheat yield was recorded at 100% irriga-
tion combined with algae, while the lowest yield was at 60% ETc irri-
gation without algae, confirming the additive benefits of proper irri-
gation and algae treatment in boosting wheat's productivity37.,

The significant differences found for irrigation and the algae treat-
ment independently (p <0.05) underscore their individual roles in
boosting plants' performance. Nonetheless, the lack of a significant
interaction between irrigation and algae for most traits, except the
seed index in the second season, suggests that their effects are
mostly additive rather than synergistic, although some combined
influence on seed quality parameters occurred. The highest total
yield recorded at full irrigation with algae compared with the lowest
yield at 60% ETc irrigation without algae highlights the critical
importance of sufficient water supply along with using biofertilizer
for maximizing crops' productivity, particularly under water-limited

Hefzy et al. Circular Agricultural Systems 2026, 6: €011
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conditionsB8l. The incorporation of algae significantly elevated nitro-
gen levels in both the straw and grain across all irrigation levels. This
indicates that algae serve as an effective biofertilizer. Algae contain
significant amounts of nitrogen and other nutrients that gradually
convert into minerals in the soil. The process enhances nitrogen's
availability and facilitates its uptake by wheat plants. Algal biomass
and its released extracellular chemicals enhance microbial activity in
the soil, thereby accelerating nitrogen's mineralization and transfor-
mation processesi39. Collectively, these factors enhance nitrogen
utilization efficiency. Algae supply amino acids, phytohormones, and
other bioactive compounds that facilitate root development and
nutrient absorption, resulting in enhanced physiological responses
in plants. The results are most pronounced under conditions of
insufficient water (60% ETc), where algae promote root growth and
enhance soil moisture retention, thus promoting more effective
nitrogen absorption compared with fully watered but unamended
soil. Applying algae to crops enhances nutrient mobility within the
soil and facilitates nitrogen absorption; hence, it augments the
nutritional content of the crops, particularly under conditions of
limited water availability041],

Responses of soil properties to irrigation levels
and algae treatment

The application of algae increased the percentage of organic
matter in the soil because algae contribute organic carbon through
the decay of their biomass, which adds humus and enriches the
soil's organic content. This increased organic matter improves the
soil's structure, moisture retention, and fertility, making the soil
more habitable for plants. Algae also fix atmospheric nitrogen into
forms that plants can use, enhancing soil nutrient availability with-
out needing artificial fertilizers. This effect is a confounder at lower
irrigation levels (80% ETc and 60% ETc) because the organic matter
helps improve soil water retention and nutrient-holding capacity
under water-limited conditions[3°l, Regarding EC and WHC, the pres-
ence of algae positively influences these properties because of the
organic compounds and extracellular polysaccharides they produce,
which help bind soil particles and maintain moisture. Although the
water irrigation levels did not significantly change EC and WHC,
the algae treatments did, indicating algae's role in improving
these physical and chemical properties of the soil, independently of
irrigationt#243], The observation that soil pH decreased with the
algae treatment, and more so at lower water application levels, can
be explained by the bioactive compounds and secretions from algae
that can alter the soil's chemical conditions. Algae release pH-alter-
ing substances which can neutralize the soil pH, improving nutrient
availability for plants. The effect was more pronounced at 60% ETc
irrigation, which suggests that under drier conditions, algae’s influ-
ence on chemical balance is stronger, possibly because the soil's
buffering capacity changes with moisture content.

Climate and irrigation water applied at different
growth stages

The slightly higher irrigation volumes recorded in the 2023-2024
season compared with 2022-2023 can be attributed primarily to
variations in the climatic conditions and reference evapotranspira-
tion (ET,) during the cropping periods. These variations impact the
crop’s water requirements, leading to adjustments to the amount of
irrigation applied4.

Climatic factors such as temperature, humidity, wind speed, and
solar radiation significantly influence ET,, which, in turn, determines
the water demand of crops like wheat. Higher temperatures or
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lower humidity increase ET,, necessitating more water to meet the
crop’s needs, especially during critical growth stages such as joint-
ing, flowering, and grain filling. Changes in weather patterns, includ-
ing increased sunshine or wind, can accelerate water loss from the
soil and plant tissues, prompting farmers or irrigation systems to
apply more water to maintain optimal moisture levels“345], Further-
more, variations in climatic conditions may involve differences in
rainfall patterns and soil moisture conditions, which also impact
irrigation requirements. A drier season with less rainfall leads to
increased reliance on supplemental irrigation, thus increasing over-
all water application®647), Conversely, wetter seasons with more
natural precipitation could reduce the need for irrigation, but if mea-
sured irrigation volumes still increased, it could reflect adaptive
management to ensure sufficient water supply during peak demand
periods.

Effects of applying algae on the interactions of
soil properties, grain yield, and water
productivity

The PLS-SEM results reveal important insights into how algae
application reshapes the relationships among soil nitrogen, organic
matter, WHC, and crop outcomes like grain yield and water produc-
tivity. Under algae application, organic matter showed positive asso-
ciations with both N (0.57) and WHC (0.54), suggesting a closer link-
age of soil biochemical and physical properties within the modeled
framework. These associations are consistent with previous studies
reporting that algae amendments are related to improved soil
aggregation and water retention“849, Within the model, N was
negatively associated with grain yield (—-0.61), indicating that higher
soil N levels corresponded to lower yield values in this pathway
structure, although this relationship was weaker compared with the
no-algae condition. The weak negative association between grain
yield and water productivity under algae treatment may reflect
shifts in the modeled water-yield relationship, potentially linked to
the altered soil moisture dynamics associated with higher organic
matter and WHC. These findings should be interpreted as statistical
associations within the SEM framework rather than direct mechanis-
tic effects[30:49,50,

Conversely, in the absence of algae, organic matter remained
positively associated with N but exhibited a stronger negative asso-
ciation with grain yield (—0.80). Organic matter was positively linked
with both WHC (0.43) and grain yield (0.82), and grain yield showed
a strong positive association with water productivity (0.72). The
negative association between WHC and water productivity (—0.28)
may indicate differences in how soil water retention relates to
productivity in the absence of biological amendments. Overall, the
modeled pathways suggest a less integrated interaction among N,
organic matter, and WHC when algae are not applied(>'52,

The literature supports the idea that increasing organic matter pro-
motes soil aggregation, which increases WHC, especially in sandy or
coarse soils where organic matter-induced small pore formation
boosts plant-available water capacity. This improves drought resil-
ience and nutrient retention. The differences in pathways and
strengths under the algae treatment indicate a biological enhance-
ment of soil processes, integrating nutrient cycling and water reten-
tion more effectively than when algae are absent[>3!,

From the perspective of a circular agricultural system, the observed
changes in soil properties' interactions following the application of
algae indicate ramifications that extend beyond yield results. The
enhanced integration among soil organic matter, nitrogen dynam-
ics, and WHC may contribute to improved nutrient cycling effi-
ciency, potentially reducing reliance on external mineral fertilizer
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inputs. Enhanced soil structural features and moisture retention
support the objectives of improving soil health, which are essential
for circular agriculture. The altered water and yield connections
suggest potential advantages for enhancing water distribution in
constrained irrigation scenarios. Although these implications need
more validation, the findings endorse the prospective function of
algae-based supplements in resource-efficient and circular agricul-
tural settings.

The statistically nonsignificant differences in water productivity,
despite the visible changes, suggest high variability. The limited
sample size, which is common in field trials, should be considered in
interpreting the impacts. This discussion underscores the value of
algae as a biological soil amendment for improving soil health,
nutrient cycling, and crop water use, complementing the critical role
of organic matter in soils without biological inputs.

Conclusions

This study indicated that combining algae with different levels of
irrigation water can be a beneficial way to improve soil quality and
wheat production in sandy soils with limited water. Adding algae to
the soil always increased the amount of organic matter, which, in
turn, made nutrients more available and easier to absorb. The strong
positive correlations with N, P, and K levels in both the straw and
grain demonstrate this improvement. Furthermore, using algae
helped reduce the pH of the soil. The 60% ETc treatment had the
most significant effect, which suggests that the soil's chemical
conditions and microbial activity improved. The 80% ETc level had
the highest water productivity, which suggests that mild deficit irri-
gation with algae is the best strategy to save water and make crops
grow better. Overall, the results indicate that algae are a biofertilizer
that makes soil structure better, helps it hold more water, and
lessens the negative impacts of reduced irrigation. Therefore, add-
ing algae to irrigation management can be a long-term and cost-
effective way to boost wheat's productivity on sandy soils, espe-
cially in places like Egypt where water is scarce and fertilizer prices
are increasing.
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