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Introduction

Drought, as an environmental crisis, not only impacts ecosystems but also poses risks to human activities and
has significant negative effects. The occurrence of intermittent and prolonged droughts, along with significant
fluctuations in climate, exacerbates water scarcity, particularly in surface water resources; thus, groundwater
resources play a key role as a vital source for supplying water for various consumption needs.

Groundwater drought is one of the serious and increasing challenges that has been acutely felt in recent years.
Climate change and increasing water demand in agricultural and industrial sectors has led to increase dextraction
from groundwater sources, significantly affecting many plains and groundwater resources in the country, resulting
in severe depletion. This has consequently led to water crises and recurrent droughts. Therefore, understanding the
relationship between drought and the status of groundwater resources is crucial. This issue not only impacts
agriculture and food security but also has negative effects on public health, the economy, and the environment.
For this reason, proper and sustainable management of these resources in the face of drought challenges is essential.

Materials and Methods

The examination of hydrogeological droughts and the monitoring of groundwater levels is essential for
providing appropriate solutions for the protection and management of water resources.

In the present study, the Groundwater Resource Index (GRI) was used to assess groundwater drought in the
Qazvin Plain. Additionally, to explore the relationship between the GRI and the Standardized Precipitation Index
(SPI) across different time scales, the correlation coefficient between the two indices was calculated. Subsequently,
the GRI was localized within the plain by analyzing its values across various monitoring wells.

Results and Discussion

The high correlation between the GRI index and the SPI drought index over a 48-month timeframe indicated
that groundwater resources in the Qazvin plain were influenced by both wet and dry weather phenomena, with a
time lag of approximately three to six months before meteorological drought translated into groundwater drought.
Eslamian et al. (2009) also reported a three-month time lag for the effects of drought on the groundwater resources
of the Qazvin, Buin Zahra, and Hamadan plains in their research .
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Conclusion

The localization study of the GRI index in the Qazvin Plain region concluded that the index is highly responsive
for assessing and evaluating groundwater drought. It effectively identified wet and dry years and showed a strong
alignment with the behavior of the groundwater table. The analysis of drought during the years from 1996-2001
also illustrated that the impacts of drought continued into subsequent years on groundwater resources, and
according to the GRI index, the decline in groundwater levels persisted in later years. This was evident even with
increased precipitation in 2002 and thereafter, where we continued to witness declines and the ongoing trend of
groundwater drought.
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Spi-6  Spi-9
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-0.12 -0.12  0.09 0.10
-0.11  0.00 0.12 0.11
-0.13  0.02 0.14 0.11
011 0.17 0.15 0.21
011 0.17 0.15 0.21

Spi-12  Spi-18 Spi-24  Spi-48

0.28 040 nolag
0.28 0.41 lag 1
0.22 0.51 lag 2
0.44** 0.54** lag 3
0.48** 0.57** lag4
0.53** 0.61** lag5
0.53** 0.61** lag6
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Table 4- Decline Rate of Selected Wells in the Qazvin Aquifer
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Introduction

Water scarcity is a major challenge in Iran, with annual rainfall averaging 235 to 260 mm, only a third of the
global average. Wheat, a staple crop in Iran, faces severe yield reduction under drought conditions. Utilizing
biofertilizers like plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal (AM) fungi could
help enhance water use efficiency (WUE) and vyield in such environments. However, the effectiveness of
biofertilizers varies based on several factors, including the type of biofertilizer (bacterial or fungal), the strain or
species used, and the formulation (solid or liquid). Despite the established benefits of both PGPR and AM fungi
in enhancing drought tolerance and WUE, there is a lack of comparative studies that examine the specific
performance of bacterial versus fungal biofertilizers and their formulations under varying levels of water stress.
Thus, the objectives of this study are as follows: 1) to identify the most suitable type of biofertilizer (bacterial or
fungal) for improving wheat yield and WUE under drought conditions in Mashhad's climatic conditions; 2) to
determine the effect of ACC deaminase enzyme on the efficiency of PGPR in enhancing wheat yield and WUE;
3) to compare the performance of AM fungal biofertilizers in two formulations (powder and liquid) and between
single-species and multi-species inoculants.

Material and Methods

The experiment was conducted as a split-plot design with three replicates, where irrigation levels constituted
the main plots, and biofertilizer treatments formed the subplots. The irrigation treatments included full irrigation
(100% of wheat’s water requirement), mild drought stress (85%), and severe drought stress (65%). The biofertilizer
treatments were: no biofertilizer (F1), serving as a control; Pseudomonas fluorescens producing ACC-deaminase
(F2); P. fluorescens without ACC-deaminase (F3); AM fungi (Rhizophagus irregularis) in liquid form (F4); and
(5) AM fungi (R. irregularis, Funneliformis mosseae, and Claroideoglomus etunicatum) in powdered form (F5).

Results and Discussion
Both irrigation levels and biofertilizer types had significant impacts on root colonization, yield, and WUE.

©2025 The author(s). This is an open access article distributed under Creative Commons
B Attribution 4.0 International License (CC BY 4.0).
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Reducing irrigation from 100% to 85% and 65% of crop water requirements significantly reduced root colonization
across all treatments. Among the bacterial treatments, only P. fluorescens producing ACC-deaminase (F2) showed
a significant positive effect under severe drought (65% irrigation). This treatment increased grain yield by 9%,
biological yield by 7%, and WUE by 6.8% compared to the control (F1). The presence of ACC-deaminase likely
contributed to mitigating the effects of drought-induced ethylene, promoting better root growth and nutrient uptake
under water stress. In contrast, P. fluorescens without ACC-deaminase (F3) did not significantly improve yield or
WUE, emphasizing the importance of ACC-deaminase in promoting drought tolerance. Fungal biofertilizers
outperformed bacterial treatments in grain and biological yield, as well as WUE. Under severe drought, powdered
AM fungi (F5) increased grain yield by 26% and biological yield by 21% compared to the control, and WUE based
on grain yield improved by 26%. This superior performance of AM fungi, particularly in powdered form, can be
attributed to their ability to enhance nutrient and water uptake under drought conditions. These findings
corroborate earlier studies that demonstrated AM fungi's ability to improve crop yield and WUE under drought
stress by enhancing water uptake, nutrient availability, and improving the plant's physiological responses, such as
maintaining cell membrane stability and increasing antioxidant activity. The powdered formulation of AM fungi
(F5) showed greater effectiveness than the liquid form (F4). The higher colonization rates and performance in
yield improvement may be due to the inclusion of multiple fungal species in the powdered form. The performance
differences between the liquid and powdered AM fungi formulations may also be influenced by the physical
properties of the biofertilizer since powdered inoculants are most effective when applied to the seeds of grasses
like wheat and barley, as the structure of these seeds allows for better adhesion of the powder.

Conclusion

In conclusion, among the bacterial biofertilizers, only P. fluorescens producing ACC-deaminase significantly
enhanced plant performance under severe drought, underscoring the importance of ACC-deaminase in alleviating
drought stress. However, fungal biofertilizers, especially in powdered form, were more effective overall in
improving yield, biological productivity, and WUE under varying levels of water stress. This research confirms
that the application of AM fungi can serve as an effective strategy for improving wheat yield and increasing WUE
in the climatic conditions of Mashhad. Overall, the observed differences in the effectiveness of these biofertilizers
suggest that the appropriate selection of both type and formulation of biofertilizers can significantly contribute to
managing water stress and improving crop production.

Keywords: Arbuscular mycorrhizal fungi, Drought stress, Irrigation levels, Microorganisms, PGPR
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Table 2- Analysis of variance (ANOVA) for the studied properties
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Figure 2- The interaction effect of irrigation levels and biofertilizers on root colonization percentage of wheat
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 3- The interaction effect of irrigation levels and biofertilizers on 1000-seed weight
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant’s water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 4- The interaction effect of irrigation levels and biofertilizers on grain yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:
P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 5- The interaction effect of irrigation levels and biofertilizers on biological yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 6- The interaction effect of irrigation levels and biofertilizers on harvest index
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 7- The interaction effect of irrigation levels and biofertilizers on water use efficiency based on grain yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant’s water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 8- The interaction effect of irrigation levels and biofertilizers on water use efficiency based on biological yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Introduction

Actinobacteria are one of the most abundant microbial groups in soil and play a crucial role in preserving
ecosystems. They are among the soil microbial groups capable of releasing phosphorus from low-soluble or
insoluble phosphorus sources, which enhances plant growth. Their application in agricultural systems is
recognized as an environmentally friendly strategy to limit the negative effects of chemical inputs and improve
the availability of nutrients, especially phosphorus, in the rhizosphere. Additionally, humic acid, as an organic
growth stimulant, plays an important role in improving soil fertility and biological communities, and its
combined use with actinobacteria increases the efficiency of fertilizer use, particularly phosphorus-based
fertilizers. Therefore, the aim of this research was: (i) to screen the phosphorus solubilization potential of
actinobacteria isolates at different incubation times, (ii) to investigate the effect of adding humic acid on the
phosphorus solubilization capacity actinobacteria isolates under laboratory conditions, and (iii) to monitor the
impact of selected actinobacteriun isolate and humic acid, at various phosphorus fertilizer levels, on soil
phosphorus content, plant phosphorus uptake, and some biochemical properties of the soil.

Materials and Methods

In this study, five actinobacteria isolates, collected and purified from various agricultural, orchard, and rangeland
ecosystems of Golestan Province, were screened based on their morphological characteristics. These strains were
utilized for screening purposes. To prepare fresh cultures of the actinobacteria isolates, they were subcultured on
solid yeast extract-malt extract agar medium. The effects of incubation time and the application of humic acid on the
phosphate solubilization ability of the actinobacteria isolates were then investigated. This experiment was conducted
in a factorial arrangement within a completely randomized design, with the following factors. To examine the effect
of the selected superior actinobacterium isolate and its interaction with different phosphorus levels and humic acid
application, a factorial pot experiment was conducted in a completely randomized design. The experimental factors
included a mineral phosphorus source at three levels (control, 20 kg, and 40 kg of phosphorus per hectare from
monoammonium phosphate), Streptomyces inoculation at two levels (control and inoculation with the selected
isolate), and humic acid application at two levels (control and 2 mg per kg). The experiment was carried out on
maize (Single Cross 704) with three replications. For seed preparation, a sufficient number of healthy maize seeds
were selected and surface sterilized by immersing them in alcohol for 30 seconds. They were then exposed to 5%
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sodium hypochlorite for 2 to 3 minutes, followed by rinsing eight times with sterile distilled water. To prepare the
microbial inoculum, the selected superior isolate was grown in yeast extract-malt extract medium at an appropriate
(107 CFU/mL). The seeds were then placed in pots, and one milliliter of the Streptomyces suspension was applied to
the seeds for inoculation. At the end of the experiment, the phosphorus content in the soil and plant, as well as the
soil biochemical responses were measured.

Results

Based on the results obtained from this study, the application of humic acid led to an increase in microbial
biomass and enhanced phosphorus release by actinobacteria isolates under laboratory conditions. As the
incubation period extended from 7 to 14 days, the solubility of phosphate showed an increasing trend. The
results showed that the highest phosphorus content in the soil was associated with the combined application of a
high phosphorus level (40 mg per kg) along with humic acid and Streptomyces inoculation. Analysis of
microbial biomass phosphorus revealed that the highest level was related to the treatment combining the highest
level of phosphorus fertilizer and humic acid. According to the findings related to phosphatase enzymes, the
combined application of the Streptomyces treatment, humic acid, and phosphorus resulted in an increase in the
levels of these enzymes. Additionally, the results of microbial respiration in the soil indicated that the combined
treatment of Streptomyces and the highest level of phosphorus fertilizer enhanced microbial respiration in the
soil. The phosphorus content in the plants under the combined treatments of Streptomyces, humic acid, and
phosphorus showed that the integration of Streptomyces inoculation and humic acid was effective in improving
soil phosphorus availability and led to an increase in the phosphorus content of the plants. The results of this
study showed that inoculation with the selected Streptomyces isolate, along with the combined application of
humic acid, enhanced the efficiency of phosphorus fertilizer utilization, making it more readily available to the
plant.

Conclusion

In general, the results of current study revealed that the simultaneous application of humic acid and
Streptomyces inoculation led to an increase in the availability of phosphorus in the soil and the phosphorus
content in the plants, as well as an improvement in the biochemical responses of the soil. However, field

experiments are necessary to confirm its effectiveness.

Keywords: Actinobacterium, Microbial biomass phosphorus, Microbial respiration, Phosphatase
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Table 1- Physical and chemical properties of soil
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EC: electrical conductivity; P,..: available phosphorus; K,,: available potassium; N,,: available nitrogen
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Figure 1- The Interction of time and humic acid application on phosphorus release by the studied isolates



¥y e logiy piwl Siaslo g Soogudouwl 8,95 L S o biowdign (gewly jpudi 9 phwd ow ywd ol 38l oyl B0 g s

oS yhund g S 3 0h (5503151 o ol 1 obalol S jlosi 51 iyl 42325 -Y Jgae
Table 2- Analysis of variance for the effect of experimental treatments on measured soil parameters and plant phosphorus
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Figure 2- The interactive effect of Streptomyces, humic acid and phosphorus fertilizer on soil available phosphorus
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Figure 4- The interactive effect of Streptomyces and phosphorus fertilizer on microbial biomass phosphorus levels
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Introduction

Watersheds, as diverse ecosystems, play a fundamental role in water provision, soil conservation, biodiversity,
and ecological sustainability. In addition to delivering environmental services, these areas serve as vital resources
for supporting the livelihoods and well-being of local communities. However, population growth, climate change,
land-use changes, and overexploitation have imposed significant pressures on these ecosystems, jeopardizing their
health and natural functionality. The degradation of these areas can lead to serious consequences for water
resources, biodiversity, and environmental sustainability. Therefore, identifying and implementing effective
strategies to preserve and enhance watershed health is essential. In this regard, the present study utilizes the
strategic SWOT model to identify the strengths, weaknesses, opportunities, and threats within the llam Dam
watershed and aims to propose practical solutions for improving and strengthening the health of these valuable
ecosystems.

Materials and Methods

To achieve optimal strategies for resource management and improving the health of the study area, the SWOT
analysis method was employed. This method provides a comprehensive framework for developing operational
strategies by identifying existing strengths, weaknesses, opportunities, and threats. Data for this research were
collected through field studies, specialized interviews with local experts, and a review of scientific resources and
available information. To enhance accuracy and reliability in evaluating and weighting internal and external
factors, the Analytic Hierarchy Process (AHP) and Expert Choice software were utilized. Subsequently, the
collected data were analyzed using the Internal Factor Evaluation (IFE) and External Factor Evaluation (EFE)
matrices, leading to the formulation of appropriate strategies. These strategies were categorized into four main
types: aggressive, conservative, competitive, and defensive. Finally, to ensure the selection of the best options, the
Quantitative Strategic Planning Matrix (QSPM) was applied. At this stage, each strategy was scored and prioritized
based on its attractiveness and feasibility, ensuring the identification of the most effective and actionable strategies.

Results and Discussion

©2025 The author(s). This is an open access article distributed under Creative Commons
B Attribution 4.0 International License (CC BY 4.0).
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According to the results of this study, seven factors were identified as strengths and seven as weaknesses
(internal factors), along with seven opportunities and seven threats (external factors). The total score for strengths
was 3.33, and for weaknesses, it was 3.57. Additionally, the score for opportunities was calculated at 3.54, while
threats scored 3.28. Based on these scores and the internal and external factors evaluation matrix analysis, the WO
strategy position was recommended, with specific solutions determined for each strategy. In the SO strategy, the
QSPM matrix analysis indicated that optimal management of surface and groundwater resources, along with the
establishment of suitable infrastructure for water capture and storage (strategy SO2), was recognized as the top
priority. Within the ST strategy, the strategy of leveraging high organizational and local capacity to address the
negative impacts of climate change and sustainably engage stakeholders and local communities in decision-making
and watershed resource protection (strategy ST4) was prioritized. For the WO strategy, enhancing water and soil
conservation programs and developing research and management initiatives through encouragement, support, and
both material and spiritual contributions for specialized studies (strategy WO2) was identified as the main priority.
Likewise, under the WT strategy, expanding and diversifying educational programs, developing educational
content on water crises and climate change, and addressing the consequences of natural resource degradation in
the basin, along with planning and approving national and international projects on climate change and dust storm
mitigation (strategy WT1), emerged as the top priority. These strategies can provide an effective framework for
improving resource management in watersheds and addressing environmental challenges.

Conclusion

The findings of this study clearly demonstrate that strengthening protective, managerial, and educational
programs plays a crucial role in improving the health of this watershed. These strategies, by optimizing available
opportunities and minimizing weaknesses, can significantly contribute to sustainable development and effective
natural resource conservation. In particular, the implementation of these programs requires collaboration and
synergy among the local community, governmental and non-governmental organizations, and related agencies. It
is recommended that conservation and management planning be accompanied by education and awareness
initiatives for the local community, so residents understand the importance of preserving natural resources and are
encouraged to participate in conservation efforts. This active community involvement not only enhances the
effectiveness of these strategies but also contributes to achieving desirable outcomes and ecosystem sustainability,
setting the stage for more effective management and long-term conservation of water and soil resources.

Keywords: Ilam Dam, Management, Strategy, SWOT, Watershed health
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3- Analytical Hierarchy process
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Table 3— Evaluation Matrix of Strengths in the Ilam Dam Watershed Using the Survey Method and AHP Analysis

55 g i el ik
Code Strengths Weight  Score Weighted
score
S ol g Oy ladedz g alidg) oy 0247 3 0.741
The presence of rivers and abundant, permanent springs
S, R gt & el (LS iy 555 2575 0333 4 132
The existence and diversity of suitable vegetation, especially trees
S osbie (ol by g Sk 0153 3 0.459
Favorable rainfall and climatic conditions
S, Wdolr 5 (o ol s uslio oS 0138 4 0.552
Good quality of surface water and springs
S S5 slaesly 0032 2 0.064
Tourist attractions
sl > dglio 5 Jus 555 Ghygn (st 5 o) QLS (=58 el e 3929
Se The presence of supplementary income sources, medicinal and industrial plants, beekeeping, and 0.050 2 0.1
handicrafts in the watershed
il (098 il s s pheslie Vb cud bl 6)y55 2 5 (5)kad (pliwg) (shygd 2929
S The existence of a village council, local governance, and a high capacity for community 0.047 2 0.094
participation due to tribal and ethnic cohesion
Fe 1 - 333
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Table 4- Evaluation Matrix of Weaknesses in the llam Dam Watershed Using the Survey Method and AHP Analysis

Y ains s el 9l
Code Weaknesses Weight  Score Weighted

score

Ws ool e _ 0037 3 0.11

Excessive water evaporation from the dam reservoir
W, ) LS.)l'\ifﬁ“’) )’I PO o> MK ) 0.028 3 0.084
Reduction in reservoir volume due to sedimentation
$igUiS o2l g @lye g K o B b ) s g jlome et sl g Bl
Ws Unauthorized construction and land-use changes resulting in the destruction of forests, rangelands, 0.210 3 0.84
and agricultural lands
W, Mja.ua Y Cuonlogg b 4..'.29> 2 e zol> doliy 3939 pis 0205 4 0.82
Lack of a comprehensive management plan in the watershed despite the area’s high importance
Ws )"7"" 0> 5 l_ﬁ.l ol (?39? b g e LSL“"U)'L_“’ 3}:?3 0.117 2 0.234
Presence of sensitive formations and high levels of water erosion in the watershed
Pl yglateds sl CasdV 53 by (392 sgeallemo (yizmen g 55l ojg> GV (o 9 0L
We Shjsol slacdld 0.062 2 0.124
Steep slopes, high flood potential, and difficult access routes in the upstream areas for
implementing watershed management activities
b wlie g sl Jilus cucnl jl S anely Sl 5T
W7 Low awareness among the local community about the importance of environmental and natural 0.341 4 1.36
resource issues
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Table 5- Evaluation Matrix of Opportunities in the llam Dam Watershed Using the Survey Method and AHP Analysis

s w3 o el w9
. ; Weighted
Code Opportunities Weight  Score score
5 b qlio Capde dliof 0 gl 5 pele (gladjgliwd (LilEl Wy, 5 (SRS o (AR SThe 3924
0, <l ple 0.037 2 0.074
The presence of academic and research centers and the increasing trend of scientific and research
achievements in natural resource and water resource management
o il il o nJSiz 5 e Bl slacald sesg _ 0401 4 1604
Development of rangeland and forest conservation activities to reduce erosion
Os Cangslame 9 (ando wlie 3550 13 (JEb Slgas 5 (Madlops (58 5 sl 0.072 2 0.144
International declarations and domestic regulations on natural resources and the environment
o, sl st 2 sl sloojip s Capdo & o sndly 2y 0047 2 0.094
Global attention to integrated watershed management in recent years
b Ol el Jdsay 550l (63 punly Comnl 4 (plgine 4055
Os Authorities' recognition of the strategic importance of the watershed due to its role in drinking 0.119 4 0.476
water supply
b glie Copde D NGO g gy S s g0, 05, 5l 5550 %
Os Utilization of modern approaches, indigenous knowledge, and NGOs in natural resource 0.183 4 0.732
management
o Cgo ool i b dawg 0.141 3 0.423
Development of fuel supply change initiatives
S e 1 - 354

Total




Vo oyl 099599 ) o)led ¥ ol (S g T a2 FY

AHP o 5 (2w 5 (g9, 31 03wl b @Ml dws 52501 859 10 By (il omi pile =1 Jgu
Table 6— Matrix for Evaluating Threats in the llam Dam Watershed Using the Survey Method and AHP Analysis

s PRV i el 93
Code Threats Weight  Score Wseégr;ged
5 el s o (Susis g (Sa5edl izl cedl o (it e g )l 53,5 S pon
T SipgliS Y gare 0.126 3 0.378

The influx of dust particles and their negative consequences on the health of watershed inhabitants,
pest infestation, tree dieback, and reduced agricultural production
T, ol sladle 2 g oS 0328 4 1308
Consecutive droughts in recent years
(Ohbaloyw) Qlpsisgs sl gl &l sl sl ojg (ool 6 s 9 )Ty sl Lo
Ts Demand for land allocation and land-use change within the watershed for the construction of villa 0105 2 0.21
gardens by affluent individuals (investors)

w3l b O Lol Gl 5 Slhay S 4 b g a2, O o 4l

Ts Decline in river and dam water levels due to pumping and increased water demand outside the 0.081 2 0.162
watershed
s ol g ool) anwgs s> 4 lodgi S > g (ol me) 2085
Ts Intensification of landslides and mass movements caused by road development and construction 0.044 2 0.088
activities
Te o d‘flibﬁ) Lﬁ‘ rV")) S g By gsj“l‘;“".)l 1" u'“‘)S‘ . . 0.128 3 0.384
Rise in the snowline elevation and changes in the river hydrological regime
T7 éyl)‘ 9 L“JS/:"}. 2 LS)?“’U“‘ A.Jl‘*bl w")ﬁ' LJ‘.‘.JM’. u"’L‘f U5 9 L)“’l"% u““’lf 0.188 4 0.752
Reduction in biomass and vegetation cover due to the increased risk of forest and rangeland fires
e 1 - 3.28
Total

(SO) (oales 321, -V Jgsr
Table 7- Offensive strategy (SO)

998 bW wlwlw
a5 5yl [FYOWRE
Code Strategy Based on strengths and

opportunities

oslizul 5 iusjlacme slolesbe b )50 5 s gilio ] bli s 35505 b Jul (5)580)5 lacl ) duoss
(oo o3t plod) aize ) 3 Malize oo

SO1 . - . . . S1, S2, S4, S5, 04, 05
Development of sustainable tourism infrastructure with a focus on protecting natural resources, collaborating
with environmental organizations, and leveraging international experience in this field (inter-organizational
cohesion)
(ol oo GeSe) Slopdd 5 oo gy cuslio slo ol olonl g (o) 5 (aw sloc Cgllae €y e
S02 Effective management of surface and groundwater resources and establishing suitable infrastructure for S1, 83, 54,02, 05, 06

water harvesting and storage (proper water governance)

(e (550 plous) bz )b pbxl ! cleolKiws b ‘uw)oo] 5 g ko dysds o S i JI5 g sl sl S5.S6.S7. 02 03 O4
SO3 Establishing a joint mechanism between councils, rural management offices, and watershed inhabitants in 05, 06, 07
collaboration with executive agencies for project implementation (intra-watershed cohesion)

(510555 dnwgi = o0)l LS Wi sladsly drwgs jslaieds alisee (sla yicu g Woles (golaiBl Jld Cozes I edliiwl
S04 ((ladg> (19 plxudl) 635 pr Caaio 5 (> mlio S5, S6, 06

Utilizing the active economic population, institutions, and various sectors to develop medicinal plant
production units, expand beekeeping, handicrafts, and eco-tourism industries (intra-watershed cohesion)

b glaculled daw g5 455 dacus 18 05,5 13 s o> Cand alads bl& 09,5 o &S amd o i £ U Y sl gl 5l Jo b il

VEY (39 sleiel L (02) (ol 3 (ialS cue b JSiz 5 15 Ol ot a cowlio (BLS by £95 g 2929 455 (g
P S S Gn T2 455 5 Cuo B o ke Olgisas 09,5 2 g dbd (p e Ol d WYY (Shg jlsl b (S2)
285 ek Olgeds VYA i kil b p3] sla s Lo Jlus coucnl | (Jowe anels Sl 25T 465 dacin s

L5 ololis ool ojg> et Olesa VIYE S5 skl b (WT7) Lanb wlio g (s
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(ST) (W8, S5yl -A Jgoa
Table 8- Competitive strategy (ST)

bl u»l.w‘ I
- ) Waysgg 9 g8
Code Strategy Based on
strengths and
threats

Copde slagb Coglgl 3 4sp ()15 5 xb lie 515k (saie g 5 chili> gy ldisl sl lie b

sT1 sl gl

Engaging watershed residents in promoting, protecting, and sustainably utilizing natural resources, and prioritizing

the watershed in comprehensive watershed management plans
ol gle wsllae (ubls 5 aure ) o 5 &l @le il Cope slaasliy lal 5 (g S1.S3 S4 T2
ST2 Developing and implementing sustainable water resource management programs to ensure optimal utilization and T4, T6
effective organization of water resources
1B L oj)lo (sl b 5 Sa3olgm cslogtgs S oolizal eclipgliS (il ool 51 Sl J5S 5 (6 Sty slatilebe Cugis

ST3 S3gis] g S | (6 pity slaeilols <l $2,83,T1,T7
Strengthening pest prevention and control systems through farmer education, using biological and natural methods
for pest control, and enhancing systems for pest and fire prevention

2 e ol 5 olakisd ol 8 e o g el s ke ©les b ablie sl ailate o 5 Slajbs sV bl 5l oolizal

S6,S7, T2, T3, T7

ST sl @lie Jl dtge (530 0500 5 Clilin g bn g pSenenc S5, S6, 7, T2,
Leveraging the region's significant organizational and local capacities to address the adverse impacts of climate T4, 76, T7
change, while ensuring the sustainable participation of stakeholders and local communities in decision-making,

conservation, and the optimal use of watershed resources
(WO) w‘)lfc\laﬁbu bx&‘) -9 JQ.\:-
Table 9- Conservative strategy (WO)
g o bl bl
5 ) YAV
Code Strategy Based on weaknesses

and opportunities

oo 5 (AT g (531 pshaio & (lindizsel 5 odgis O sy — (Bigel S loacly )15

WO1 (Slojle 09y plomesl cag) (55 )L W3, W7, 03, 04, 06
Organizing joint educational-promotional programs between officials and watershed residents to raise
awareness and foster participatory management (enhancing inter-organizational cohesion)

(e 5 @olo SoeS lin 5 Colon (519:i5) syt 9 (Slhdod Gladalyy drwgi 9 ol 5 SB cblis cladsly coghs

WO2 aass Clllas bl cax W2, W5, W6, O1, 02,
Strengthening soil and water conservation programs and expanding research and management initiatives 05, 06
(encouraging, supporting, and facilitating financial and non-financial participation) to conduct specialized
studies
wale (glmd gl 1 o3zl g Ly, (il 3l e slarme ¢ (b lie iy gug 5 g bjgel cpeh s3,Ssg, 5l odlizl
150l 059> Cu pde dixe) ) g}
wos3 . T 005 Tt ) 2 B9 5 . W4, W7, 01, 05, 06, 07
Utilizing modern approaches, promoting education and a culture of natural resource and environmental
stewardship, and enhancing the application and adoption of scientific and research findings in watershed
management
adg ) culiel (6 )8 Sy Sl 655l Cap alpSisew lgilial g cugal g i 5 @l Cu e g b )|
wo4 Improving the conservation and management of rangelands and forests, and enacting and enforcing strict W2, W3, 02, 03, 06
regulations to prevent inappropriate land-use changes within the watershed
O il (B e g Jizie loged (s390s 5 (Bl Home (59) 1 Cuabge sl9ad Sopm 9 (590> Jelos 2l crx Aol
28 Cund g (6355148 CuaBge ¥ ISS 0 guls 4 da gl g 0 Sy o codle G il jalain s A paww i juul (60l
055> 30 CeoM o Cux B9 daug yolaio 4 (ol 3y50 (sla pual, 8,8\ (o iy g cae s blis) oy Jolse JS 5Ll
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Table 10- Defensive strategy (WT)

a5 3,
Code Strategy

bl olwl g
Based on

weaknesses and
threats

abe 55 lasoly 5 waldl i 5 ST ol b dlal )3 (500l elsime (295 55 9 (Sigel slaasln (ESugsS g dnws

3,552y b 0j)ke g uldl yuis aiznj 1> ol g (o (slag)bo gl g (s32)2aby g S 3 (anbo
Expanding and diversifying educational programs and developing educational content related to the water crisis,
climate change, and the consequences of natural resource degradation in the watershed, as well as planning and
approving national and transnational initiatives on climate change and combating dust storms

Slajls g calo g (LSl )l e )l g R laac e 3 (55)5liS 1 oS5l 095 3 SNl g (lsd g

Enacting laws and reforms to prevent agricultural activities in forested areas and monitoring land-use changes
and unregulated construction along riverbanks

b e o35 ) S5l g e solate 4 g (gl (IS o e cladileb (g3llel g dasgi (S
Designing, developing, and deploying flood, drought, wildfire, and other warning systems to manage and prevent
the degradation of natural resources
alop S5 5 S1alS e ()bl LISl sl g Coshi g (B by sl g bais (ool 5l bl
Protecting lands, preserving and restoring vegetation cover, and strengthening and implementing watershed
management measures to reduce and control erosion
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Figure 2- Determining the strategies to improve the health status of the Ilam Dam watershed in the SWOT matrix
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Table 11- QSPM gquantitative matrix for SO strategies

SO
SO1 SO2 SO3 SO4
. Cuwlds
ST Cotlie L T
Jole o Caglia o Calia Calis o Cuslis o culia P Cel
Agent  Weight  attractivenes attg\éi?\jieI:]es Attractiveness Overall Attractiveness Overall Attractiveness attr(i)i\éfir\‘lzlrtess
attractivenes attracglvenes
S1 0.741 2 1.48 3 2.22 - - - -
S2 1.32 2 2.64 2 2.64 2 2.64 2 2.64
S3 0.459 - - 3 1.37 - - 1 0.459
S4 0.552 - - 3 1.65 - - 2 11
S5 0.064 3 0.192 2 0.128 1 0.064 3 0.192
S6 0.1 2 0.2 - - 2 0.2 3 0.3
S7 0.094 2 0.188 2 0.188 3 0.282 2 0.188
o1 0.074 1 0.074 2 0.148 1 0.074 - -
02 1.60 1 1.60 2 3.2 2 3.2 - -
03 0.144 2 0.288 - - 1 0.144 - -
04 0.094 2 0.188 2 0.188 1 0.094 - -
05 0.476 2 0.0952 3 142 2 0.952 - -
06 0.732 - - - - 1 0.732 3 2.19
o7 0.423 - - - - 2 0.846 - -
&= - 6.94 - 13.15 - 9.22 - 7.06
Sum
Colis 4,
Attractiveness 4 1 2 3
rating
ST s paly 51 QSPM (05 (s 5l —VY Joua
Table 12- QSPM gquantitative matrix for ST strategies
ST
ST1 ST2 ST3 ST4
culis Cunlda " Y
0 Culis S Culds Y Culis o el Covlis i
d Weight  tractiveness Overall Attractiveness 0 1 Attractiveness Ove ral I Attractiveness Ove ral |
Agent 4 vera attractivenes attractivenes
attractivenes attractivenes
S1 0.741 - - 3 2.22 - - 1 0.741
S2 1.32 1 1.32 - - 3 3.96 1 1.32
S3 0.459 - - 2 0.918 - - - -
S4 0.552 1 0.552 2 11 - - 1 0.552
S5 0.064 - - - - - - - -
S6 0.1 2 0.2 - - - - 2 0.2
S7 0.094 3 0.282 - - - - 3 0.282
T1 0.378 - - - - 3 113 - -
T2 131 2 2.62 2 2.62 - - 3 3.93
T3 0.21 1 0.21 - - - - 1 0.21
T4 0.162 - - 3 0.486 - - 1 0.162
T5 0.088 - - - - - - - -
T6 0.384 - - 1 0.384 - - 1 0.384
T7 0.752 2 15 - - 3 2.25 1 0.752
&= - 6.68 - 772 - 7.34 - 8.53
Sum
Colie 4,
Attractiveness 4 3 2 1
rating
ol Cglhae copie p oS cunl o Laseie gl cuglel flgie P aS s o iV Y o et oo 5l o b mls
0333 5 )loe (slyp cawlio Glacsls pjobul 5 uojpj g (law LU alizes glad paly oDl s j5ul 0jgn Cund g deuts (sLiwl)
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Table 13- QSPM quantitative matrix for WO strategies

WO
WO1 WQO2 WO3 WO4
Jole 5Y) Caglis o Culia Calis S Culis Cuslis o Culia Cuslis o Culia
Agent  Weight Attractiveness Ove _ral I Attractiveness Ove !'al I Attractiveness Ove _ral I Attractiveness Ove _ral I
attractivenes attractivenes attractivenes attractivenes
W1 0.11 - - - - - - - -
W2 0.084 - - 3 0.252 - - 3 0.252
W3 0.84 3 0.25 1 0.84 - - 3 0.25
W4 0.82 1 0.82 - - 2 1.64 - -
W5 0.234 - - 3 0.7 - - 1 0.234
W6 0.124 - - 2 0.248 - - - -
W7 1.36 3 4.08 - - 3 4.08 - -
o1 0.074 1 0.074 2 0.074 3 0.222 - -
02 1.60 - - 3 4.8 - - 3 4.8
03 0.144 2 0.288 - - - - 3 0.432
04 0.094 - - - - - - - -
05 0.476 - - 2 0.952 1 0.476 - -
06 0.732 1 0.732 2 1.46 3 2.19 1 0.732
o7 0.423 - - - - 1 0.423 - -
e - 6.24 - 9.32 - 9.03 - 6.7
Sum
Cuplie 4,
Attractiveness 4 1 2 3
rating
WT s !y 6150 QSPM 005" (s yilo V€ Jga>
Table 14- QSPM quantitative matrix for WT strategies
WT
WT1 WT?2 WT3 WT4
Jole 039 Colia 5 Calin Calis o Calias Calds 5 Caglia Cuslia S Caglin
Agent weight Attractiveness Overall Attractiveness Overall Attractiveness Overall Attractiveness Overall
attractivenes attractivenes attractivenes attractivenes
W1 0.11 1 0.11 - - - - - -
W2 0.084 - - - - - - 3 0.25
W3 0.84 2 1.68 3 2.52 - - 2 1.68
W4 0.82 1 0.82 - - 2 1.64 - -
W5 0.234 - - - - - - 2 0.468
W6 0.124 - - - - 1 0.124 2 0.248
W7 1.36 2 2.72 - - - - - -
T1 0.378 2 0.756 - - 1 0.378 2 0.756
T2 1.31 2 2.62 - - 3 3.93 - -
T3 0.21 2 0.42 3 0.63 - - 1 0.21
T4 0.162 1 0.162 - - - - - -
T5 0.088 - - - - - 3 0.264
T6 0.384 - - 1 0.384 - - - -
T7 0.752 2 15 2 15 3 2.25 2 15
e - 10.78 - 5.03 - 8.32 - 5.37
Sum
Cuglis ag,
Attractiveness 1 4 2 3
rating
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Introduction

Recently, layered double hydroxides (LDHSs) with a unique structure and unbeatable characteristics have been
widely studied and investigated in various fields. One of these fields is the investigating the potential of these
compounds to supply essential nutrients for plants. Several studies have reported the application of LDHs as
fertilizers for macronutrients and micronutrients. These compounds have a very high potential as fertilizers and
can increase agricultural productivity. Micronutrients such as Zn, Cu and Mn can be structurally incorporated in
the metal hydroxide layer. According to recent research, LDHs have shown a suitable potential to release
micronutrients. However, more studies are needed to enhance our understanding of the mechanism and reaction
of layered double hydroxides in different conditions. Although various studies have explored the potential of LDHs
as slow-release fertilizers, our research focuses on the role of citric acid and tartaric acid and as well as the ratio
of divalent to trivalent cations on the kinetics of Zn, Mn and Mg release from Mg-Zn-Mn-Al-LDH intercalated
with nitrate.

Materials and Methods

All chemicals used in this study including citric acid (Ce¢HsO7.H20), tartaric acid (C4HsOgs) KCI, Zn
(NOs3)2.6H20, Mn(NO3)2.4H,0 Mg(NOs)..6H,0 and AI(NO3).9H,O were of analytical grades, purchased from
Chem-Lab or Merck Chemical Corporations. Solutions were prepared using decarbonated ultrapure water
(electrical resistivity = 18 MQcm). The LDHs were synthesized by co-precipitation method at constant pH = 9.2-
9.6. Two types of LDHs were synthesized by varying the M*2(Zn+Mn+Mg)/M*3(Al) ratios of 3:1 and 4:1 in the
precursor solution while stirring vigorously in a nitrogen atmosphere. The pH was kept at 9.2-9.6 by adding
volumes of 3 M NaOH. The LDH crystals were allowed to ripen in the mixture for 2 hours, after which the
precipitates were centrifuged at 3000 rpm for 20 min and washed several times with distilled water and placed in
an oven at 70°C for 8 hours to dry.

The chemical composition of the synthesized layered double hydroxides (LDHSs) was analyzed using furnace
atomic absorption spectrophotometry (SavantAA, GBC) following acid digestion. The physical, chemical, and
morphological characteristics of the LDHs were assessed through several techniques, including X-ray diffraction
(Panalytical X Pert Pro X-ray diffractometer), field emission scanning electron microscopy (FE-SEM, Sigma VP),
Fourier-transform infrared spectroscopy (FT-IR, Nicolet iS10 spectrometer), and Brunauer-Emmett-Teller (BET,
BELSORP Mini II) analysis.

©2025 The author(s). This is an open access article distributed under Creative Commons
B Attribution 4.0 International License (CC BY 4.0).
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A batch study was conducted to evaluate the effects of varying M2*/M3* ratios in LDHSs and the influence of
citric acid and tartaric acid on the release of Zn, Mn, and Mg from LDH (3:1) and LDH (4:1). In brief, 0.01 g of
synthesized LDH was placed in a centrifuge tube and mixed with 10 ml of background electrolyte (0.01 M KCI)
and 1.25 mM of citric acid or tartaric acid, maintaining an initial pH of 6-7 at a constant temperature of 25 + 0.5
°C. Blank samples (without ligands) were also included for comparison. The suspensions were shaken for time
periods ranging from 5 to 720 minutes at an agitation speed of 180 rpm. After shaking, the supernatant was
separated by centrifugation at 4000 rpm for 20 minutes. The concentrations of Zn, Mn, and Mg in the supernatant
solutions were determined using graphite furnace atomic absorption spectrophotometry.

To describe the time-dependent release of Zn, Mn, and Mg, several kinetic models were tested. Among the
five models evaluated, the pseudo-second-order and power function models provided the best fit for the kinetic
data. Additionally, the chemical species present in the initial solution and the saturation index (SI) of various
minerals were predicted using the Visual MINTEQ 3.1 computer code.

Results and Discussion

The results indicated that the calculated molar ratio of divalent cations to trivalent cations closely matched the
molar ratios used in the synthesis of the layered double hydroxide (LDH) samples. The X-ray diffraction (XRD)
patterns for both LDH (3:1) and LDH (4:1) samples exhibited strong and sharp peaks corresponding to the 003
and 006 reflections, confirming the layered structure of the synthesized materials. Fourier-transform infrared (FT-
IR) spectroscopy revealed two significant absorption bands around 3480 cm™ and 1620 cm™ in all synthesized
LDH materials, which are indicative of stretching vibrations associated with the O-H groups in the hydroxide
layers and the interlayer water molecules. Additionally, a sharp band at approximately 1382 cm™ in LDH (3:1)
and a band at around 1354 cm™ in LDH (4:1) were attributed to the antisymmetric stretching mode of the nitrate
anion present in the LDH structure. The specific surface areas of LDH (3:1) and LDH (4:1) were measured at 5.50
m2/g and 16.54 m2/g, respectively. Correspondingly, the average pore diameters were found to be 1.92 nm for
LDH (3:1) and 2.55 nm for LDH (4:1), indicating differences in porosity between the two samples. The time-
dependent cumulative release of Zn, Mn, and Mg from LDH (3:1) and LDH (4:1) in the presence and absence of
citric acid and tartaric acid was investigated. The release of these micronutrients was accelerated in the presence
of both organic acids. The release process appeared to occur in two stages: during the initial stage (0 to 50
minutes), the release rate of Zn, Mn, and Mg was rapid, followed by a period from 50 to 720 minutes where
the release rate either fixed or slightly increased.

In this research, among the non-linear models which were used to determine the release kinetics of Zn, Mn,
and Mg, the one with the highest R? values was chosen. The R2 values ranged from 0.81 to 0.99 for the pseudo-
first-order model, 0.89 to 0.93 for the pseudo-second-order model, 0.97 to 0.99 for the Elovich model, 0.89 to 0.99
for the power function model, and 0.55 to 0.86 for the parabolic diffusion model. Ultimately, the pseudo-second-
order and power function models were chosen to analyze the kinetic data. The amount of Zn, Mn and Mg released
at equilibrium (ge) were higher in the presence of citric acid (42%) compared to tartaric acid. Additionally, the
release of these elements was greater from LDH (4:1) than from LDH (3:1). This suggests that increasing the ratio
of divalent cations to trivalent cations reduces the stability of LDH, enhancing the release of micronutrients.

Conclusion

The results of this study demonstrated that the release of Zn, Mn, and Mg from layered double hydroxides
(LDHs) was influenced by time, the type of low molecular weight organic acid, and the ratio of divalent to trivalent
cations in the LDH structure. Kinetic modeling revealed that the release rates of Zn, Mn, and Mg from LDH with
a 4:1 ratio were higher than those from LDH with a 3:1 ratio. Additionally, the dissolution rates of LDHs were
faster in the presence of citric acid compared to tartaric acid. To further assess the potential of LDHSs as slow-
release micronutrient fertilizers in calcareous soils, additional greenhouse and soil experiments are recommended.

Keywords: Kinetic models, Low molecular weight organic acid, Micronutrients, Slow-release fertilizer
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Figure 1- XRD pattern of LDH (3:1) (A) and LDH (4:1) (B)

LDHs &b (sl sy =¥ Jgan
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Figure 2- FT-IR spectra of LDH (3:1) (A) and LDH (4:1) (B)
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Table 4- The kinetic parameters release of Zn, Mn, and Mg from the LDH (3:1) and LDH (4:1) in the absence (Ctrl) and
presence of Citric acid (CA) and Tartaric acid (TA)
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§ 3:1) CA 8471.53 1.3x10°® 0.94 0.98 29.08 1.02 0.97 0.98 29.79
\\%\ i ’ TA 260.75 2x10° 159 0.97 14.05 11.87 0.44 0.99 2.74
g LDH Ctrl 67.98  1.61x10* 0.74 0.98 3.28 5.30 0.38 0.98 2.85
> (4:1) CA 4348.49 6.38x10°® 121 0.97 44,22 3.33 0.81 0.98 40.13
' TA 498.35 6.7x10°° 1.66 0.96 25.07 10.95 0.53 0.99 10.05
LDH Ctrl 10.68  3.06x10™* 0.12 0.96 0.69 0.84 0.38 0.99 0.35
% 3:1) CA 119.72 2.00x10° 0.33 0.97 5.63 211 0.56 0.99 2.42
1 @ ’ TA 92.97  2.00x10° 0.19 0.97 3.83 1.10 0.59 0.99 1.97
'y % LDH Ctrl 26.64  3.00x10* 0.21 0.98 1.32 1.52 0.42 0.99 0.89
s (@1) CA 185.79 5.3x10°® 0.18 0.89 9.98 2.42 0.52 0.99 1.56
' TA 86.84 4.5x10° 0.34 0.97 4.04 2.20 0.52 0.99 1.57
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(Same letter within each column are not significantly different according to Duncan test at p < 0.05)
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Introduction

The high water demand of sugarcane in arid and semi-arid regions, combined with declining rainfall, has led
to increased use of drainage water as a strategy for sustainable production management. It has been estimated that
20% of all cultivated land and 33% of irrigated agricultural land are affected by high salinity. Salinity stress poses
two main threats to plants: ionic toxicity and osmotic stress. lonic toxicity occurs when there is a significant
accumulation of Na* in plant leaves under saline conditions. This disrupts the balance of water and ions, damages
organelle structures, inhibits growth, and can ultimately lead to plant death. Some studies have shown that ion
toxicity caused by Na* can inflict more irreversible damage on plants than osmotic stress. Silicon application (Si)
showed improved photosynthetic efficiency, growth, and yield compared to plants under salt stress. Previous
studies have also shown that silicon treatments can increase salinity tolerance in various plants, including wheat,
corn, rice, and canola. However, the extent of silicon-mediated benefits under salinity can vary greatly between
species and is largely dependent on the plant's capacity for element uptake dictated by its genetic makeup. There
is limited information regarding the use of drainage water in sugarcane irrigation management in arid and semi-
arid regions, as well as the potential for improving salinity stress through silicon application. Therefore, this study
was conducted to evaluate the effects of Si on two sugarcane varieties irrigated with salt water.

Materials and Methods

The pot experiment was conducted in a greenhouse under natural light at the agricultural site of Sugarcane
Dehkhoda Company in Khuzestan Province, Iran, in 2021-2022. The temperature and humidity percentages are
indicated in Figure 1. This study was carried out as split-split plot design based on randomized Block design
(RBD). The main plot factors included three levels of salinity: control of 1.4+0.2 dS.m* (S0) from the river water
source, salinity stress of 4.1+0.2 dS.m* (S1), and salinity stress of 8.2+0.2 dS.m™ (S2) from the drain water source,
with a sub-factor of variety treatment (CP73-21 and CP69-1062). The silicon application timing was also
considered as a sub-factor, with four levels: Si0, non-silicon application (Control); Si1, one month before salinity
stress; Si2, during salinity stress; and Si3, after 30 days of salt stress, silicon was applied. The sugarcane sprouts
are grown in polyethylene pots 100 cm in height and 45 cm in width. Each pot contained 100 kg of soil. A total of
216 experimental units were used during the experiment. The experimental pots were filled with a mixture of field
soil and sugarcane filter cake in a 3:1 ratio. The results of the chemical analysis of field soil and filter cake are
presented in Table 2. The salt stress was applied 113 days after growing cuttings and continued until harvest.
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B Attribution 4.0 International License (CC BY 4.0).

https://doi.org/10.22067/jsw.2025.91154.1456


https://jsw.um.ac.ir/
mailto:m.nabipour@scu.ac.ir
https://doi.org/10.22067/jsw.2025.91154.1456
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/jsw.2025.91154.1456
https://orcid.org/0009-0006-3098-5383
https://orcid.org/0009-0006-5488-240x
https://orcid.org/0000-0002-5877-9614

VPP ol oyl (0295858 ) oyles ¥R uls (S g OT 4,5 AY

Results and Discussion

The results of the first year showed that salt stress significantly reduced the height of the sugarcane stalk. Also,
at the salinity stress levels of 4.1 and 8.2 dS/m, the SPAD index decreased by 22.3% and 27%, respectively.
Additionally, leaf sheath moisture dropped by 6.4% and 11.8%, electrolyte leakage increased by 11% and 22.7%,
and the photosynthesis rate decreased by 28% and 42% compared to the control treatment. The optimal time to
apply silicone fertilizer was one month prior to the onset of stress, which resulted in a significant improvement in
all studied traits at salinity stress levels of 1.4 dS/m (control) and 4.1 dS/m. Furthermore, the qualitative analysis
of sugarcane syrup in the second year revealed a decrease in sucrose percentage (14.1% and 33.5%, respectively)
and white sugar content (12.6% and 40.9%, respectively) at salinity stress levels of 4.1 and 8.2 dS/m. The
photosynthesis rate of sugarcane leaves decreased by 28.3 to 41.8 percent under salt stress levels of 4.1 and 8.2
ds, respectively. The CP69-1062 variety exhibited a better response compared to the CP73-21 variety, showing
relative superiority in all growth and physiological traits studied.

Conclusion

The results also indicated that the optimal time to apply silicon fertilizer to sugarcane plants was one month
before the onset of stress, resulting in a significant improvement in all studied traits. The application of silicon
fertilizer led to a 1 percent increase in sucrose, 3.7 percent increase in syrup purity, and 3 percent increase in white
sugar yield compared to no application.

Acknowledgments

We would like to express our special thanks to the Faculty of Agriculture, Shahid Chamran University of
Ahvaz for the financial support (Grant number SCU.AA98.336).

Keywords: Drainage water, Stem height, Sucrose percentage, Stress


https://scu.aa/

S g ol a i

https://jsw.um.ac.ir o
iAo

NNV e Ve Clgua s8N oyled A Wl

320 a4 Sl e glaan s 5B 5 S5 g5 (g, o rla ST
Sl o5 Tl pd 55 8 Sk

VL1 5 an guans —F g 3 dame ='W g ) g (55 50l Lo

AAEA VAR VAVN s"_ﬁlijb c)\:

2SS

15 5 55k 85 sl saiods )18 o 5T LS 5 Slas g 0by 2 edtane i | et yobots &Sl B olse | (So 59

40 a0 ) SIS o yguod VN VFY g VFe e VFeN ol Sl 3 )3 ilojl St el Oloj ) ol ()9 (15 o St 3 )Shes
ol 555 15 Ll S5t b oLk S S5l o 5 030 ol Culyad lof] B 5 Lk St o €l S50 c5paliS
caw 5l 3 55w 3,08 loj g CPB9-1062 3 CP73-21 4y lg 45 cio o yuionjiswd A 1Y 9 ¥/V ((anld) V¥ (5,900 o duw )3 gyl
s 4B S i ) o b e plgisa )98 LS Jlesl jlam olecsG g (55 b lojen (55 51 B ooy igSbins 3,087 (j9) Sals
S a3l g yie g uiesjawd MY g ¥/) (e pdaw ,d (o)Ll b ls LialS conday 1) St 4l i) oo Li5 ol ol
UiblS Jald 4 Cons oy FY 5 YA iwgid Cas pw cdio)d YTV 9 V) Cudg Sl cuid cdioyd WA 9 £IF Sy auss Cagby cduopd TV o YY/Y
2 omiezimd NIV 5 F1V (6y95 oo b ()bl 1 i b 1S5 (a0 )3 FYIA 9 V210 g 5,08 (53003 Y¥/D 5 V) talS iczan 8Ly
Crte 2Ulg (SSgla b g (gady Slaw den ;> CPB9-1062 au)ly .0 ssalie (35 (g 4ol jlows 4 Cand CPB9-1062 asy)ly (4l « e
Slowo dodr by me i3l o a8 35y (15 el 51 8 ool y5lom 365 315,18 o oy a3 s g5 51 CP73-21 awlg 4 s
oo (19Skows 3,28 b 003,5 (15Sebies 3,0 s 4 Cd o udonsiod TN 9 VI (65 shans L o ()l slolo 3 adlllas 550
YU (658 b o 5 oslital o s 50k ) glts by )33 CPBO-1062 iy ly 13 1o ys ¥ 5 VIV ) s ity s 1S5 5 o5l )5 Les
Lo BSESI b olyn o L G2 i 5 ol Jo 53 13995 o s 4Bl i) S s (5ol 3 i 55 S 2.0

ol 5 Sl | Sl

.__jo) ;)’)l{‘.w M).) 4‘)«41} :4§L» &L(’U’)l :déﬁls dubj‘s

Y gaso (o Seke jl (S 5 (FAO, 2024) sl (o 5L 5 Slas FURt

; ooby ol Slae Gl g8 e Canme jaiS (5j)liS

e .“’Lf“’”’ > i 2935 P9 ordee MDY 3y AL YVY Lo o ol st oo g5 S
IS oleed (LSa o o5 AFVY 5,Sles bawgio L) 0dgr oy

ALSINS ol uf >, i plw Lusiis ¢ ole l,$
SR sl s e b duglie ) o 290 0 4Ll (o )0 SagS )i slads gocre

il )3 (SN,b g o plie .(Parmesan et al., 2022) cul
J ) PAAN T A o
- 4)‘ J‘ (_éﬂ)39°> ‘. . ‘l)l u‘ ) . SLl «shld () )'>u-’ )Ls" > 3 g

Olrl lgal lgal (lyex sured olKiily «(55,5liS” 0SS (LS Kf 9 g5 (swine 09,5 )
(Email: m.nabipour@sCcu.ac.ir : Jszus ot g —)
https://doi.org/10.22067/jsw.2025.91154.1456


https://jsw.um.ac.ir/
mailto:m.nabipour@scu.ac.ir
https://doi.org/10.22067/jsw.2025.91154.1456
https://orcid.org/0009-0006-3098-5383
https://orcid.org/0009-0006-5488-240x
https://orcid.org/0000-0002-5877-9614

VFeP Gt dyl- 3385958 o) oylod 4wl (S5 g ol 0,05 AF

5 ol sl o 3,8 el sl 43S i jgu S 1 5
Cpiomad Cal 00 adlllas b g 39ae 0l pl g )ll g S
2938 I3 53 (59 (5 o5 1St 2 o b g Sl 38

ol ol ) o))})j)#é\g

L g, 9 dlge

S Copd CubS g Ay p oSl b b5y jslaies

Voo 2VFeY ol b dlo 93 islej] ol (gy98 i cos
Sygods Jgl Jlo Gialejl s sl Ly St Caivo g S
Lol S5 des b ol JolS Soly B 5 My il ol
VE (F 1%) oo b sals o a3 ()bl ol 5556
9 ¥ (£ -1¥) slacsygd 5 (SO) wlsg, ol oy (ionjgmd
cho)' c_j X )] (82 9 S1 c.«uu).mb) 0 g (g j gD AY (i '/Y)
CPB9- 4 CP73-21 (clapl b g 43 ;5 aty)lg sloss oe 56 H5iSTé
38 gk ald o jlea 3 pSebew 208 oo 5 1062
3 (512) L5 b plajun (SIL) (5 ) b ol (S10) S
=2 5598 e (SI3) ()98 i Jles] I am olecsy
6 5 3 bl ooty 53 o Gilef] 43 €5 s o
ol Lololy 45 CPBO-1062 asly (g5 pr (ool Lol Sl

IS )3 b s (6y9d W5 4 et ool Jlo ioloj]
Jo alie (6)95 aw 4w 3 (o)l Jols Lol 556 15 plov
308 pas g 93 53 oSl 2p)8 (loj (258 5556 5 ol
g1 (SI1) G5 51 U olecsy o Jgl Gialoil )3 5550 oo g (1)
sl YOIV Jlad b g3 olal ly i Sl ool ol (G 9
N SBjg) WS s piegle W Joba
a8 Sk 5 (ol S Ll ad elinul (oo 5ok
2 g0 oy o Sl ¥ BT Jobdy ladold biud p ) 4 ¥ Cuns
kol Glaglils & g 5 0ad bl Bpas Sy sbaplsd
(s S5 W ¥ 4 jhatwl | w5 S > &g 0) KA it
Ve sl (ard )] 555 g5 (SI102) (609 €95 5l (S9Ske 355
B4 S 53 p)S5kS ¥ old dpogi jlake 4 prglis pais Lo)d
Sl S g SV S0 olojdw 3 5Silew 395 b 03
So9d o5 Jlasl s olo G g lojam (8 oo S b Bullae

A odlal ()bl b ol o

losd adss (03Kl clads oy 5l (o g Wil oo pudS 5 ()79 55 €y
Ll Sk 30 35 )

Cas o3 b Jpame S S5 &5 ol )| ol il tals
Sl Copte T o)ls 5l O ey B ylaie 4 o8 cosl YL o355
b ol b el (900 St Sl 5 B39 W5 sl Fpe
St Syp0 3 s Sl CutS 5 saiesiole; Sl ol
2l 68 ol il s s ge wlgi e CIF g Na* j0lio
i b ally g a8 lalse 5,803 (S sl Jlo csloole 5l 5y
el S5 slie LS 5 o o] b b 4By a5 1l ()94
w08 Clale gl (VL cdale (LS ()98 L5 coS
G bis Ul (Zhu, 2003) WS e Lais Jsjeie 5
d9ds0 LS ) (6ypd 4 Jod Sl el KINET g5t
4 L CudoSIS ol S lgieay St (Chao et al., 2013)
ol asuine o (Patade et al., 2008) cosl wlus (gy9i i
o et g 0,Shas p ogllasl @l gl joi O ) oolitul a5 cul
o o S olS 0 Sles &S ol ooy i clddss oyl
Br & S5 b e p utenjowd ¥ (SopsUl colin )3 ()98
sk ;I .(Gomathi & Thandapani, 2005) b o Lials sy
Sll) SB 508 > Sl ey uderjmd S b udS
e D oy fF g el el (jo p uiegjowd VY
Lingle &) 25 0 i ojlac jLs dop 5 ' WSSp
Al-) oundS” Wl (s yole S 0,8 (Wiegand, 1997
Raoetal., ) 35w (Che etal., 2022) yuly (Rubaiee, 2024
Selewdl 1l (Bocharnikova et al., 2023) 6l (2015
2 Cuoglie Llg oo oS Canl 02> LS ... 4 (Hoque et al., 2020)
Jo29 53 (g8l (R amd LRl LS 0 1) (69 LA
Lylyd )3 olS ad) o sl dstie Sl 31 g 6y § (Sl AT 4
»lo L 5 (Hernandez-Apaolaza, 2014) (cixe dlgo 34
ol odd 5155 (Guntzer et al., 2011) on; pe (slo i
gl dgme b (6y9d LIS & S Jood SRl 5 (oS
ol osle cpl )l ali Ul olbesden 5 (Sfde s
Gla Gl L ohighr (o jliwgesr wilal by ()98 gllasl
Lais (gl 45 c5y900 (5350 3o b 5 eliy ol Copl g
Abbasi ) 5l jiss el Sl i byl o Jeke lad Sles
J(etal., 2023; Ebeed et al., 2024
Judiy aalllae St Mg 5 Gyl (sl Lol iul3él 4 a5 L
S92 ol jsbos Sl 3 Sl (6598 G5 Sl 59 53
Oygods bloe S olS 2 (598 (5 Slbipmyp Al
5 J31 5 03,18 jebas NaCl Ses jl odlisl b g aKislejl

MLJL;O )iwu w)w » AW & JA[> J]}A Loy ‘(B“X) uugé)) =\
aiai jl oxledl osle ol (Sugarcane filter cake) sz S ls -y

25lo wae (Sdme dlge g I dlge (sl a5 039 laobw T 5l 0ss )y | opid



A0 opls 4 S iz sLaass sl 55 9 S Solgr 3ud gy LA LS GiiSTs (5102 3 (5 5lgm (5 y9ual

adlllan 3,90 Sloj Ol g K8 b (S5 opbhonilsSy 52 Sleogad U @l -) Jgas
Table 1- Results of the analysis of the physicochemical properties of the soil, filter cake, and drainage water studied
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Table 2- Results of the first year of analysis (mean of squares) of variance of height and some physiological traits of two
sugarcane varieties under salt stress and silicon application

ol ouds s 3 i c... s e o g Cadg piSII il
Sl asbe df Sl 5,1 v pabls Py S 5t A Sy Electrirz leakage
Sources of variance Stam height SPAD Photosynthesis rate  Leaf-sheath moisture y 9
Sok 2 0.09 0.23 13.40 4.81 1.46
Block
a5 025 () 2 21045” 943.83** 3249™ 506.2" 2689
Salinity stress
St 4 0.02 2.84 12.08 0.55 0.18
Error (S)
(V)A_:“l’ 1 0.08™ 18.50** 256.8™ 18.80™ 97.53™
Variety
SxV 2 0.009™ 0.22™ 32.52™ 2.73™ 1.34m™
(V) sles 6 0.010 0.46 4.03 0.45 0.65
(S1) 58l 3 2.90™ 553" 570 18.15™ 12.65™
SxSi 6 0.42™ 0.59"™ 0.29™ 2.76" 0.88™
VxSi 3 0.006™ 0.08™ 0.69" 0.02™ 0.50™
SxVxSi 6 0.019™ 0.21" 1.69™ 0.51™ 0.66™
ol 36 0.029 0.23 152 0.95 0.75
Total error
Sl e 20 2.99 1.33 2.95 1.22 2.38

Coefficient of variation (%)

Do B gV Jleis! e jd (g)b pxe (g Gixe pis i * g

#% NS
¢

ns, ™" and ": non-significant, significant at p<0.01 and p<0.05, respectively.
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Figure 1- Interaction effect of silicon application and salinity stress on sugarcane stem height

Notes. No application of silicon (Sio), application of silicon one month before salinity stress (Si1), sametime with salinity stress (Siz)
and one month after salinity stress (Sis). The means with the same letter in the column have no differences (P< 0.05)
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Figure 2- The trend of weekly height changes of sugarcane during the growing season(each point at each salinity level is an
average of 4 levels of silicon loading in 3 replicates) in two sugarcane varieties CP73-21 and CP69-1062
(The data points measured and the lines resulting are function fits)
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Table 3- Fitted three-parameter Gaussian equation coefficients to sugarcane height data during the growing season under
salinity stress of CP73-21 and CP69-1062 varieties

52900 T3 (o) )] JS1an)a (b5 )b (5] iSTan & g i Blaito. o]
Salinity levels a (Maximum height (cm)) b (Line slope)  x0 (Time to reach maximum height) Probability level
CP73-21
Control (1.4+0.2 dS.m™?) 211.740 (2.117) 7.907 (0.182) 22.089 (0.265) 0.997 0.0001
S1(4.1£0.2 dS.m?) 138.078 (1.090) 9.266 (0.172) 22.025 (0.249) 0.998 0.0001
S2 (8.24£0.2 dS.m™) 74.117 (1.302) 10.163 (0.533) 19.063 (0.574) 0.969 0.0001
CP69-1062
Control (1.4 dS.m™) 215.00 (2.359) 7.639 (0.203) 21.709 (0.284) 0.996 0.0001
S1(4.1+0.2 dS.m?) 140.125 (0.742) 9.038 (0.118) 21.655 (0.165) 0.999 0.0001
S2 (8.2+0.2 dS.m?) 74.290 (0.969) 9.855 (0.374) 19.679 (0.432) 0.986 0.0001
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Table 4- Results of the average simple effects of the first year of physiological traits of two sugarcane varieties under salt
stress and silicon application

B)los aBlw gl (N g8 CuE e Cugh, Clg I ol
Stem height Photosynthetic rate (umol CO.. Sheath moisture Electrolyte leakage
Treatments (cm) SPAD M7 S (%) (%)
g oS
(Salinity stress)

Control (1.4 dS.m™) 210.7¢ 43.42 5452 84.8° 34.3°¢
4.1dS.m? 137.8° 33.7° 39.1° 79.4° 40.2°
8.2dS.m? 72.6° 31.7°¢ 31.7°¢ 75.6° 44.4°

(Varieties) oz )l
CP73-21 139.2° 35.8° 39.92 79.4° 3752
CP69-1062 141.6% 36.82 43,6° 80.4% 35.1°
(Silicon) ;eSuluw
Si0 131.8° 35.6° 41.0° 79.3°¢ 37.2%
Sil 151.9° 36.8° 42.32 81.32 355°
Si2 144.5° 36.6° 42.0° 80.1° 35.6°
Si3 133.4° 36.1%* 41,7 79.1°¢ 36.72

G985 1 dmr oloSy 398l 308" g (S12) (6598 a5 b lojen (198l 37218 (SIL) ()98 (25 31 Jd olo S 9Kk 39,8 (ST0) (y95ekoms 5,218 pas
5505 gy e M 1o )3 B Jlain ] prdans 55 515 S yitie By > a5 pla . Sle (SI3)
No application of silicon (Sio), application of silicon one month before salinity stress (Si1), sametime with salinity stress (Si2) and
one month after salinity stress (Sis). The means with the same letter in the column have no differences (P< 0.05)
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Figure 3- Interaction between salinity and silicon application on sugarcane leaf sheath moisture

Dhansu) wleals isyli5 do d MA B F/Y o1y 5o g i j owd
(et al., 2022

5 Sr9d U5 eoilly 45 @l pelel p ipegld ey
Ao 0)8 g ygd LS GESea 5 98w 3
2B Jgiz) waily St dBlo apd ogls 3o)d p 5yl ne
3908 33 poghs 8o yd e (6 Sime gl ()9 S pas Ll
ORI Sl 38" (Jg 85 sdalie GeSilew 20)8 pas
pie sl)las & Comd i bl b 5 o b ogls Lo pd ) e
(¥ Ss) ety (g 1) s 208

oo pSup Lo @l & g L ipSey Mo
J592) €85 )18 (15Sabans )08 5 (5598 L5 8T o (g o gine
203 3 98 318 586 (hiSom s (b o stne 4 425 (D
Wl e 3 Siled S e O (6)58 aw 4 dtey Sy p
o) 2 Slisie b GSeles 38 (6598 G5 252 pac)
055k 39538 ¢ 6598 (AT g9 (o )3 el 3l (L5 S
(¥ JS8) 05,5 wald a4 Cons o Mo pd 45 iz idlS s

o oAb duiual S bt ,SS o3 T HSU o D
ol b e S 4Bl Copd akS b5y el lisels] G
sSebor 315 5 5358 55 45 08 A5 Ll ly 4325 5) ol
2oy (D Jd) Cadly S Sidas S5 Mo 3 1 (5 0 e U
2 oriazjisod M) 0l o Ol gy0d Gl L ade S
VO i ia gie gy uienjswd AIY 9 ¥V ()98 4 (2
OpSabew 353)l8 ¢ 65905 prdaw y 45 .l el ao)d FVF 9 A/DD
085k 350)5" pie &y Canss (duoyd AIFY) it [ Ao > il 38
Cably sl pd 1y (duoys AIYD)

S b ol il 3 1) Ll QLS & Sl (20358

oSk 355 (Aras et al., 2020) S o clible (6)5d ]
©3)5 Aby (6y98 W5 oS &S ST Jehe clis 4 (e
G e GBS > 9Silew 355 (13938 iy e plSdial
sl slie (Sgr i gy pl Sl g 0ad (g Sl et ialS
Heile et al., ) uS' o (6pSol> (shud (omolicnsTy Lials 4
e GgmoliansSly (19Saks 3,8 0 (5155 (ppionen (2021
o WS Co5 3955 (LS )3 1) H2O2 (slgime 5 g sl el
&S casl ol oxims oLt oyl (Shahid et al., 2015) sls sals

Skt s dauly (590 (15 15 1 510 egill oot (1Sl
(Yanetal., 2021) col olowdl

i il S i S Sliuo 3 (Sl 4 S 55l
OT 594 Lol pb a5
AT 5393 G590 ol uly)ly 58 gl 15,5l oy
Ol (B Jgi2) cudls Sl o)las )BLe doyd 2 (6)sine
V¥ syai b aals jles 0 aopd VA e 4 5,80 as s
b (e U 693 A A0 eaalie ey (eioniwd
8l S yie g o3 MY 9 ¥IV (695 o > ey
rolie 2ol i ga29 5l (6 (S 15 15,8 103 1Rl
Cabls ials 5 aile waiilly gl sbo 5 CI g Na* o
Pl Capd CdS (ol S )3 (658 LT g1 (giloB
lopy hals ols)ls S (Brindha et al., 2019) » 5
WBF (60 pobow (i bulpd cod S Bl o)lae 5L



Vo

ol S dlisee sbvan Hlg 5w 9 SO algr b (o) sl STy oyl ) SeR g (5 ylgm (559

Pl Bl o (S (G5B (gSudonw 35215 g (5 90 ST ISR 1 (Bt 9 il g 4252 093 Jlw gl -0 Jgu
Table 5- Results of the second year of variance analysis and segmentation of the interaction of salinity stress and silicon
application on quality factors of sugarcane stalk juice

A JOVES J 910 Bl ey wSup e,y o oy e S oy
Sources of variance Pol% Brix% Purity% RS%
Sok 2 0.016 0.077 211 0.014
Block
a5 025 (5) 2 47.09% 21.69%* 39.12%* 31.83**
Salinity stress
e 4 0.018 0.079 2.25 0.015
Salinity erorr
55akew 3,2 8Si 3 0.073ns 1.23** 40.59** 0.31**
SxSi 6 0.018ns 0.24* 7.37* 0.047ns
Sl 18 0.022 0.045 1.19 0.009
Total error
et b 2oy 1.05 1.27 1.30 1.13
CV(%)
o3 05 ) Jinl maw )3 ()l dme (gl dme pis s gy F g *F IS
ms, **and *: non-significant, significant at p<0.0! and p<0.05, respectively.
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Figure 4- Interaction of salinity stress and silicon application on Brix percentage (a) and purity percentage (b) of sugarcane
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