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Introduction

Mycorrhizal symbiosis, particularly arbuscular mycorrhiza, is recognized as one of the most widespread and
beneficial interactions between plants and soil microorganisms and has been extensively studied. This symbiosis
plays a significant role in improving plant nutritional status, enhancing resistance to both biotic and abiotic stresses,
reducing the impact of certain pathogens, and promoting synergistic interactions with other beneficial microbial
communities. Ultimately, these effects contribute to improved crop health and productivity. One of the most
important benefits of this association is the enhancement of plant nutrition. Mycorrhizal plants acquire nutrients
either directly through their roots or indirectly via the hyphal network of symbiotic fungi. The predominance of
either pathway depends on a complex set of biochemical and molecular mechanisms within the common symbiosis
pathway, as well as phosphorus availability, plant phenotypic traits (especially root characteristics), and
environmental conditions. Despite its importance, the degree of mycorrhizal dependency varies among plant
species and cultivars. Mycorrhizal dependency is defined as the extent to which a plant relies on mycorrhizal fungi
to achieve optimal growth or yield. It is determined by the interaction between plant genotype and phenotype in
combination with environmental factors.

Mycorrhizal symbiosis is the result of a complex molecular dialogue between plant and fungus, involving the
exchange of signals at cellular, molecular, and genetic levels. In the early stages of symbiosis, plants secrete
compounds such as strigolactones from their roots, which stimulate spore germination and hyphal branching. This
is followed by fungal signalling molecules, including chito-lipo-oligosaccharides, which act as key signals in the
initiation and regulation of arbuscular mycorrhizal symbiosis. Disruption in this shared signalling pathway can
lead to failure of symbiosis establishment or reduced mycorrhizal dependency.

Under high nutrient conditions, particularly high phosphorus availability, plant secretion of strigolactones is
typically reduced. This illustrates how excess soil phosphorus can interfere with the common symbiosis signalling
pathway and thereby decrease mycorrhizal dependency. The synthesis and secretion of strigolactones are regulated
by the upregulation of genes such as D27, CCD7, CCD8, and MAX1.

Recent advances in plant molecular biology and genetics have identified a set of genes involved in the common
symbiosis pathway that play essential roles in fungal signal recognition, activation of cellular responses, and the
formation of fungal structures such as arbuscules. These genes, including SYMRK, CCaMK, and CYCLOPS, will
be discussed in detail later. Depending on the upregulation or downregulation of these genes in the plant—fungus
symbiotic pathway, a higher or lower degree of mycorrhizal dependency can be expected, respectively.

Materials and Methods
This analytical review integrates findings from researchers in this field by utilizing up-to-date studies on the
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intensity of plant—fungus symbiosis and the degree of mycorrhizal dependency from morphological, physiological,
biochemical, and especially molecular dimensions. These studies are accessible through major international
databases, including Web of Science and Scopus. In addition, Google Scholar provides an open-access platform
for identifying recent publications, while specialized resources such as ScienceDirect, SpringerLink, and Taylor
& Francis offer valuable journal articles, book chapters, and authoritative reference works related to mycorrhizal
dependency and the underlying mechanisms involved, particularly from a molecular perspective.

Results

The results of numerous studies indicate that the establishment of symbiosis between plants and arbuscular
mycorrhizal fungi requires a series of complex physiological, biochemical, and molecular interactions. This
process is initiated by the secretion of Myc-LCO signalling molecules by the fungus, which are subsequently
recognized by specific receptors in plant roots, including SYMRK (DMI2). Following recognition, the common
symbiosis signalling pathway is activated, and the release of calcium ions (Ca2* ) through DMI1 generates
rhythmic calcium oscillations within plant cells. These oscillations function as informational codes that are
decoded by the calcium and calmodulin-dependent protein kinase (CCaMK). The calcium signals are then
translated into molecular responses, leading to the activation of the transcription factor CYCLOPS and the
regulation of symbiosis-related gene expression, ultimately resulting in arbuscule formation. Any disruption or
interruption in this signalling pathway may prevent arbuscule development, particularly in non-host plants. The
degree of plant dependence on mycorrhizal fungi is influenced by a range of factors, including plant, fungal, and
environmental characteristics. Among environmental factors, abiotic stresses such as drought play a critical role.
Under drought conditions, the influx of Caz* into the plant cell cytosol decreases, leading to disturbances in
cellular ion homeostasis. However, the presence of mycorrhizal fungi enhances the expression of calcium-sensing
and signalling genes, including CBLs, CDPKs, and MAPKS, thereby activating Ca?* -dependent signalling
pathways. This process regulates and reinforces the increase in cytosolic Ca2* concentration, which acts as an
important secondary messenger during the establishment and maintenance of mycorrhizal symbiosis. Furthermore,
numerous studies have demonstrated a significant relationship between mycorrhizal dependency and root
morphological characteristics. In general, plant species possessing a magnolioid root architecture exhibit a greater
degree of dependence on arbuscular mycorrhizal fungi than species with non-magnolioid root systems.

Conclusions

Although many plant species can establish symbiosis with mycorrhizal fungi, the degree of dependency and
effectiveness of this association varies considerably. These differences are largely determined by the complexity
of signalling pathways and the regulation of symbiosis-related genes. A deeper understanding of the underlying
molecular and cellular mechanisms is essential for improving mycorrhizal symbiosis, although significant
challenges remain in its practical application.

Keywords: Myc-LCOs, Mycorrhizal growth response, Non-host plant, Root architecture, Sterigolactones
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Figure 1- Upper image: a single spore showing a germ tube (the first cytoplasmic protrusion emerging from the spore and
representing the initiation of hyphal growth), lower image: a spore producing multiple germ tubes, middle image: a spore

community of yellow-colored spores accompanied by germ tubes and hyphal branching of Rhizophagus irregularis (Tanaka et
al., 2022)
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Figure 2- Biosynthetic pathway of strigolactones in plants
(this figure is based on data extracted from previous studies, including Alder et al., 2012 and Yoneyama, 2019).
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Figure 4- Plant roots with different architectures and structural characteristics
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Figure 5- Phosphorus transfer by arbuscular mycorrhizal fungi to the host plant

In the absence of mycorrhizal fungi or low mycorrhizal dependency, the phosphorus depletion zone becomes more extensive (Smith
& Read, 2008).
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Figure 6- The degree of plant mycorrhizal dependency on arbuscular mycorrhizal fungi as influenced by root architecture
and structural characteristics

The thickness of the white band surrounding the plant root represents the extent of phosphorus depletion (uptake). Greater

phosphorus depletion around non-mycorrhizal plant roots (thicker white band) indicates that phosphorus uptake is mainly carried out

by the plant root itself, whereas lower phosphorus depletion around mycorrhizal plant roots (thinner white band) indicates

phosphorus uptake from regions beyond the root depletion zone,

primarily through the extraradical hyphae of mycorrhizal fungi (http://mycorrhizas.info/methods.html).
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Table 1- Mycorrhizal dependency (MD) of different plant species (Eo & Eom, 2009)
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Figure 7- The common symbiotic signaling pathway in mycorrhizal, non-host, and non-mycorrhizal plants

The symbol

indicates that messaging has been carried out, while x indicates that messaging has been stopped (The diagram was

created and edited in Microsoft Word using tables and the specialized software Bluebeam Revu x64 - Version 21.1).
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Figure 8- Molecular pathway of salinity (Na* ) stress reduction mediated by various transporters
Upregulation of the involved genes can prevent sodium entry into plant biological processes by facilitating its efflux in mycorrhizal
plants. According to the figure, Na* is perceived by GIPC sphingolipids in the plasma membrane, whose biosynthesis is mediated by
MOCAL, leading to the activation of Ca2* channels and consequently an increase in cytosolic Caz* influx (The diagram was created
and edited in Microsoft Word using tables and the specialized software Bluebeam Revu x64 - Version 21.1) .
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Table 1- The percentage of mycorrhizal dependency in different plant species under drought stress conditions
It should be noted that some of the plant dependency values were calculated by the author based on data extracted from published

studies.
oL 523550 &8 stlptssee (ool &
Plant AM fungus Mycorrhizal Reference
9 dependency (%)
Phaseolus vulgaris R. intraradices 34.7 Auge, 2001
Sorghum bicolor L.) Speedfid R. intraradices 50.1 Nadian, 2011
Sorghum bicolor L.) SKF2 R. intraradices 62.0 Nadian, 2011
Wheat F mossae 103 Al-Karaki & Al-Raddad
Triticum durum L. ' ’ (1997)
Rosa damascena Mill - 75.2 Abdel-z?)lfgn etal.,
Poncirus trifoliata L. Rhizophagus irregularis 61.0 Zhang et al., 2024
Poncirus trifoliata L. Rhizophagus irregularis 25.3 Yinetal., 2024
Ephedra foliate Fuqnellformls_mosseae_+ 29.1 Al-Arjani et al., 2020
Rhizophagus irregularis
Allium porrum L. Rhizophagus irregularis 714 Ghasemzj(c))lfgr etal,
Allium ampeloprasum ssp. . . . Ghasemjokar et al.,
Persicum (Shadegan) Rhizophagus irregularis 78.8 2016
Allium ampeloprasum ssp. . . . Ghasemjokar et al.,
Persicum (Esfahan) Rhizophagus irregularis 73.6 2016
Citrus aurantifolia Rhizophagus irregularis 59.1 Haghlgggtlnz!a etal.,
Citrus macrophylla Wester Rhlzophqgus '.”99“""‘”5 * 15.7 Navarro et al., 2026
Funneliformis mosseae
Cleopatra’ mandarin Rhizophagus irregularis + 9.1 Navarro et al., 2026

Funneliformis mosseae
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Figure 9- Mycorrhizal symbiotic signaling pathway under drought stress, involving increased synthesis of Whirlyl and BES1

proteins, upregulated expression of CBL, CDPK, and MAPK genes, activation of the Caz* signaling system, and
consequently enhanced plant resistance to drought stress
(The diagram was created and edited in Microsoft Word using tables and the specialized software Bluebeam Revu x64 - Version

21.1).
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Introduction

Rapeseed (Brassica napus L.), particularly the low erucic acid and glucosinolate cultivars known as canola,
is the third largest oilseed crop in the world after soybean and oil palm. In Iran, canola cultivation covers
approximately 173 thousand hectares, making it the largest cultivated area among oilseed crops. Golestan and
Khuzestan provinces have the largest cultivated areas. Balanced fertilization is crucial for optimizing canola
yield, especially under adverse environmental conditions. Plant tissue analysis serves as a fundamental tool for
diagnosing nutrient status and exploits the principle that tissue nutrient concentration reflects soil nutrient
availability. Advanced diagnostic methods, such as Deviation from Optimum Percentage (DOP) and Nutrient
Nalance Index (NBI), provide quantitative measures of nutrient adequacy and imbalance. The DOP method
ranks nutrient deficiencies by comparing observed tissue concentrations with those in high-yielding populations.
Meanwhile, the NBI integrates multiple nutrient statuses into a single measure (X[DOP|) and provides a
comprehensive assessment of overall nutrient health.

Materials and Methods

The study was conducted in four provinces: Alborz, Markazi, Golestan, and Ardabil (Moghan region), to
reflect the diverse agro-ecological conditions of the country. Thirty farms were randomly selected in each
province.

Alborz province (Karaj region) is located at coordinates 35°48'N and 51°10'E. Markazi province (Arak city)
is located at coordinates 34°5'30'N and 49°41'30'E. East Golestan Province (Gonbad Kavus region) is located at
coordinates 37°16'N and 55°12'E, while Ardabil Province (Parsabad and Moghan regions) is located at
coordinates between 39°12'N and 39°42'N and 47°10'E and 48°21'E.

Soil samples were collected from the fields before planting. Plant tissue samples were taken at the begining
of stem elongation stage (two-digit growth code 30), which is a sensitive stage for identifying and eliminating
nutrient deficiencies before canola flowering. Plant samples were collected as whole plants from 20 random
points per hectare, and 20 plants were sampled from each point. Total nitrogen (N), phosphorus (P), potassium
(K), and micronutrients zinc (Zn), manganese (Mn), iron (Fe), copper (Cu), and boron (B) were measured in
plant tissue. Grain yield was measured at maturity. To assess nutrient status and identify yield-limiting factors,
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the key diagnostic index, deviation from optimum percentage (DOP), quantifies the deviation in nutrient
concentrations from the optimal values observed in high-yielding populations. The NBI index was also used in
this study.

Results and Discussion

In terms of soil properties, there was significant variation in pH, salinity, organic carbon, and nutrient
availability across the studied provinces.

In Alborz province, the average organic carbon content was low (0.81%) and the frequency of nutrient
deficiencies was high, including nitrogen (N, 73%), phosphorus (P, 47%), potassium (K, 20%), sulfur (S, 87%),
magnesium (Mg, 37%), iron (Fe, 83%), copper (Cu, 20%), zinc (Zn, 50%), manganese (Mn, 43%), and boron
(B, 60%). In Markazi Province, with an average salinity of 1.47 dS/m, severe deficiencies of nitrogen (90%),
phosphorus (75%), and potassium (37%) were observed. In Golestan Province, non-saline soils in this region
with an average organic carbon percentage of 1.4% showed deficiencies of nitrogen (27%), phosphorus (94%),
potassium (32%), magnesium (100%), iron (32%), copper (22%), manganese (31%), and zinc (81%). In Ardabil
Province, high clay content (40%) and salinity (2.4 dS/m) led to deficiencies of phosphorus (50%), potassium
(1%), sulfur (99%), magnesium (99%), iron (50%), copper (3%), zinc (87%), and manganese (10%).

DOP standards for nutrient concentrations in canola shoots during stem elongation were determined as
follows: nitrogen 3.61%, phosphorus 0.46%, potassium 2.8%, sulfur 0.513%, magnesium 0.44%, calcium 1-2%,
iron 226 mg kg, copper 1.8 mg kg™, manganese 78.5 mg kg™, zinc 45.8 mg kg™, and boron 54 mg kg

The nutrient balance index (NBI), calculated as the sum of absolute DOP values, was inversely correlated
with yield, confirming that greater nutrient imbalances resulted in reduced yield. Statistical analyses confirmed
that NBI thresholds between 133 and 146 corresponded to significant yield reductions (p<0.01). Based on these
thresholds, yield decreased by 12 to 18% for each unit increase in NBI. It is noteworthy that when NBI exceeds a
certain threshold (NBI breakpoint; BPC), yield reduction becomes more evident. Below this threshold, yield is
less affected by NBI. Alborz province had the highest BPC (146), followed by Ardabil (139), Markazi (138), and
Golestan (133) provinces, respectively. Farmers and advisors can use this range as a guide for fertilizer
recommendations.

Conclusion

This study shows that the variability of canola yield in agro-ecological regions of Iran is primarily due to the
deficiency of region-specific nutrients, especially phosphorus and zinc, combined with soil alkalinity, low
organic carbon, and mineralogical characteristics. By implementing region-specific nutrient management
strategies, yield gaps can be closed, and sustainability in semi-arid oilseed systems can be promoted. The
Nutrient Balance Index integrates vital nutrient ratios (such as phosphorus:zinc, magnesium:potassium) to detect
imbalances.
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Figure 1- Geographical locations of the studied provinces in Iran and the distribution of selected canola fields
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Figure 2- Distribution of nutrient deficiencies (expressed as percentages) in the soils of the studied provinces
For nitrogen, a soil organic carbon content of less than 1% was used as the critical threshold to indicate nitrogen deficiency.
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Table 3- Nutrient deviation from the optimum percentage (DOP) reference norms for canola fields in the studied provinces

¢y L] N P K Ca S Mg B Zn Mn Cu Fe
Provinces % mg kg™
;41 Alborz 3.68 0.412 2.47 1.56 0.44 0.38 54 56 92 8.4 260
d}s"’_ 3.62 0.39 2.37 - - - - 33 80 6 284
Markazi
olls
3.26 0.602 3.05 2.75 - 0.38 - 47 56 8.6 145
Golestan
ol 3.88 0.453 3.25 1.19 0.58 0.56 - 47 86 9.3 214
Moghan
odgdxe 3.26- 0.39- 2.37- 1.19- 0.44- 0.38- 54 33- 56- 6- 145-
Range 3.88 0.602 3.25 2.75 0.58 0.56 56 92 9.3 284
ﬁ; 3.61 0.46 2.8 1.83 0.513 0.44 54 458 785 8.1 226
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Figure 3- Deviation from Optimum Percentage (DOP) indicator values for nutrients in canola farms across the studied
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Table 4- Order of nutrient deficiencies in different provinces
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Figure 4- Nutrient Balance Index (NBI) for canola farms across the studied provinces

a: Alborz province, b: Markazi province, c: Golestan province, d: Ardabil province. NBI: nutrient balance index. BPC: break point
of NBI curve
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Introduction

Cadmium (Cd) and lead (Pb) contamination of calcareous soils can restrict wheat production in arid and semi-arid
regions. High pH and calcium carbonate reduce metal solubility but cannot fully prevent root uptake or food-chain
entry. Both metals impair nutrient acquisition, damage chloroplasts and membranes, reduce photosynthesis, and
promote reactive oxygen species (ROS) production, causing oxidative damage and redox imbalance. Thiols mediate
plant responses to metal stress. Cysteine (Cys) supplies sulfur for glutathione (GSH) synthesis, while glutathione
supports redox buffering, antioxidant reactions, metal detoxification, and phytochelatin production. Evidence for
simultaneous foliar application of cysteine and glutathione under Cd-Pb stress in wheat grown in calcareous soil
remains limited. This study examined the effects of individual and combined thiol sprays on wheat growth, oxidative
damage, glutathione redox status, and Cd and Pb accumulation under Cd—Pb co-contamination.

Materials and Methods
A pot experiment was conducted in a greenhouse at the Faculty of Agriculture, Ferdowsi University of

Mashhad. Calcareous clay loam soil was collected from the 0-30 cm layer of agricultural land near Sabzevar,
Iran. Soil pH was 7.89 (1:2.5 soil:water), electrical conductivity 2.53 dS m™, organic matter 1.03%, and calcium
carbonate equivalent 24.55%. Diethylenetriaminepentaacetic acid (DTPA)-extractable Cd and Pb were 0.12 and
1.5 mg kg™, respectively, representing low background levels before contamination.

The experiment used a randomized design with five treatments and three replications (15 pots): control
without metals, sprayed with deionized water; heavy metals (HM), with 15 mg Cd kg™ soil and 300 mg Pb kg™
soil; HM+Cys, with 0.41 mM L-cysteine foliar spray; HM+GSH, with 2 mM reduced glutathione; and
HM+Cys+GSH, receiving 0.41 mM cysteine plus 2 mM glutathione. L-cysteine and reduced glutathione (>99%
purity) were obtained from Sigma—Aldrich.

Cadmium and Pb were added as Cd(NOs). and Pb(NOs): to 5 kg soil per pot. Nitrate input was identical
among contaminated treatments and considered a common HM component. Soils were mixed and incubated for
four weeks near field capacity before planting. Wheat seeds (Triticum aestivum L. cv. Falat) were disinfected in
5% sodium hypochlorite for 10 min, rinsed three times with deionized water, and sown in pots 23 cm in diameter
and 21.5 cm high. Eight seeds per pot were thinned to five plants after establishment. Foliar treatments were
applied at tillering, stem elongation, and booting; controls received equal volumes of deionized water.
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Plants were harvested about 70 days after sowing. Shoot dry biomass was measured after oven drying at 70
°C for 72 h. Total chlorophyll was determined in 80% acetone extracts at 663 and 645 nm following
Lichtenthaler (1987). Malondialdehyde (MDA) and Hydrogen peroxide (H-0:) were measured at 532 and 390
nm, respectively. Reduced glutathione and oxidized glutathione (GSSG) were assayed in 2% metaphosphoric
acid extracts using glutathione reductase, reduced nicotinamide adenine dinucleotide phosphate (NADPH), 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB), and 2-vinylpyridine; the GSH/GSSG ratio was used to assess redox
status.

Root and shoot samples were wet-digested with concentrated HNOs and H202, and Cd and Pb concentrations
were determined by flame atomic absorption spectrometry (AAS) (Analyst 800, PerkinElmer). Oxidative stress
index (OSI), total thiol pool, tolerance index, chlorophyll protection efficiency, and transfer factor were
calculated. Data were analyzed by one-way analysis of variance (ANOVA), and means were compared using
Duncan’s multiple range test.

Results and Discussion

Combined Cd and Pb stress substantially reduced wheat growth. Shoot dry biomass declined from 12.50 g
pot™' in the control to 7.10 g pot™ under HM, a 43% reduction. Total chlorophyll decreased from 2.10 to 1.10 mg
g! fresh weight (47%). All thiol treatments improved both traits. Shoot biomass reached 8.60, 9.60, and 11.00 g
pot! in HM+Cys, HM+GSH, and HM+Cys+GSH, respectively, while chlorophyll increased to 1.50, 1.70, and
1.90 mg g! fresh weight. Tolerance index and chlorophyll protection efficiency showed similar responses. The
combined treatment produced the highest values among metal-stressed plants, although neither trait fully reached
control values. Oxidative damage increased sharply under HM. MDA increased from 15.00 to 40.00 nmol g*
fresh weight, while H20: increased from 4.30 to 12.20 umol g fresh weight. Cysteine, glutathione, and their
combination reduced both indices. MDA concentrations were 32.00, 27.00, and 22.00 nmol g fresh weight in
HM+Cys, HM+GSH, and HM+Cys+GSH, respectively; corresponding H20: values were 9.20, 7.50, and 6.20
pmol g fresh weight. The OSI increased from 0.05 in the control to 0.37 under HM. Cysteine reduced it to
0.17, whereas glutathione alone and the combined treatment both reduced it to 0.10. Therefore, the combined
treatment did not exceed glutathione alone for this index, showing that treatment superiority differed among
traits.

Cd and Pb strongly affected glutathione redox status. GSH declined from 85.30 to 32.90 nmol mg™ protein
under HM, whereas GSSG increased from 15.20 to 31.00 nmol mg™! protein. Accordingly, the GSH/GSSG ratio
declined from 5.61 to 1.07. Thiol application improved redox status in all treated plants. HM+GSH produced the
highest GSH concentration, whereas HM+Cys+GSH produced the highest GSH/GSSG ratio. Under the
combined treatment, GSH reached 62.70 nmol mg™' protein, GSSG decreased to 10.50 nmol mg™' protein, and
the GSH/GSSG ratio reached 6.00. This ratio differed significantly from all stressed treatments but not from the
control, indicating near-control redox restoration. Thiols also reduced Cd and Pb accumulation. Under HM, Cd
concentrations were 19.0 mg kg™ in roots and 7.6 mg kg in shoots; under HM+Cys+GSH, they decreased to
10.4 and 4.0 mg kg™!, respectively. Root Pb declined from 25.5 to 12.5 mg kg™!, while shoot Pb declined from
9.8 to 5.5 mg kg'. Cysteine and glutathione alone also lowered both metals, although differences between
HM+GSH and HM+Cys+GSH for shoot Cd and Pb were often not significant. Transfer factors for Cd and Pb
remained below 0.5, indicating limited root-to-shoot translocation. Roots retained a substantial proportion of
absorbed metals, reducing but not eliminating accumulation in shoots.

Conclusion

Cd-Pb co-contamination reduced wheat shoot biomass and chlorophyll, increased MDA and H:0:, and
disrupted glutathione redox balance. Foliar cysteine and glutathione alleviated these effects. Their combined
application produced the strongest response for most growth, oxidative, redox, and tissue-metal traits, improving
biomass and chlorophyll, reducing oxidative damage, restoring GSH/GSSG to a control-comparable value, and
lowering Cd and Pb in roots and shoots. Transfer factors remained below 0.5, indicating limited root-to-shoot
translocation. Field validation and grain-metal measurements are required before recommending this treatment
for food production.
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Table 3- Comparison of the effects of various treatments on growth characteristics, photosynthetic pigments, and derived
indices of wheat
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Table 4- Comparison of the mean effects of different treatments on oxidative stress indices in wheat
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Figure 1- Changes in oxidized glutathione (GSSG) concentration (A), reduced glutathione (GSH) concentration (B), and
GSH/GSSG ratio (C) in wheat plants as affected by different treatments under heavy metal stress
Bars represent means of three replicates and vertical error bars indicate the standard error of the mean (n = 3). Different lowercase

letters above bars indicate significant differences among treatment means at P < 0.05; bars sharing at least one letter are not
significantly different. HM: combined heavy metal stress; Cys: cysteine; GSH: reduced glutathione
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Figure 2- Cadmium concentration in roots and shoots (A), lead concentration in roots and shoots (B), lead transfer factor (C),
and cadmium transfer factor (D) in wheat plants as affected by foliar application of cysteine and glutathione under combined
heavy metal stress
Bars represent means of three replicates and vertical error bars indicate the standard error of the mean (n = 3). Different lowercase
letters above bars indicate significant differences among treatment means at P < 0.05; bars sharing at least one letter are not

significantly different. ND: not detected; HM: combined heavy metal stress; Cys: cysteine; GSH: reduced glutathione; TF: transfer
factor.
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Introduction

A large amount of precipitation is lost annually. Therefore, studying the precipitation-runoff process and
predicting runoff are essential in water resources studies and plans, as well as in water engineering discussions.
Thus, choosing a model that can predict runoff from rainfall with acceptable accuracy using effective factors seems
essential. The aim of this research is to estimate the components of unit hydrographs resulting from several
precipitation-runoff events in the Samian Watershed located in Ardabil Province using a nonlinear optimization
method along with the application of probability distribution functions.

Materials and Methods

In order to determine the optimal values of the distribution function parameters, the objective function is
considered as minimizing the sum of the squares of the deviation between the predicted and actual direct runoff
hydrographs. The values of the probability distribution functions parameters are optimized using Mathematica
software and nonlinear programming method. Finally, the direct runoff hydrographs are calculated using the
effective rainfall hydrographs and the corresponding unit hydrographs, and then compared with the observed direct
runoff hydrographs. The performance criteria of mean square error, mean absolute error ,and correlation coefficient
are used to examine the ability of the functions in the calibration and testing stages. The classical least squares
method is also used to extract the unit hydrographs and its efficiency is compared with the results of the nonlinear
optimization model.

Results and Discussion

In the calibration period, for the first event, the Root Mean Square Error (RMSE) and Mean Absolute Error
(MAE) of the Gumbel (0.0048 and 0.0042) and Nakagami (0.0134 and 0.0095) functions are higher and their
Correlation Coefficients (CC) (0.935 and 0.237, respectively) are also lower than those of the other functions. The
lowest errors (0.0021 and 0.0016) and the highest correlation coefficient (0.978) are related to the lognormal
distribution. The weakest distribution is the Nakagami distribution with RMSE equal to 0.0134, MAE equal to
0.0095, and CC equal to 0.237. In the case of the second event, the RMSE and MAE errors of the Gumbel (0.0110
and 0.0070) and Nakagami (0.0223 and 0.0293) functions are higher and their correlation coefficients (0.682 and
-0.087) are also lower than the other functions. The lowest errors (0.0068 and 0.0056) and the highest correlation
coefficient (0.874) are related to the lognormal distribution. The weakest distribution is the Nakagami distribution
with RMSE of 0.0223, MAE of 0.0293, and CC of -0.087. In the case of the third event, the performance of all
functions is satisfactory due to very low RMSE and MAE values and very high correlation coefficient. However,
the errors of the gamma and lognormal functions are slightly higher than the others. Also, Weibull and normal
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distributions show better performance than other distributions based on the values of performance criteria because
these distributions show high ability in predicting the ascending and descending branches of the unit hydrograph.

In the test period, considering the average values of the performance functions of the distributions in each
event, it can be said that the lognormal distributions (with average RMSE and MAE errors of 0.0134 and 0.01115
and average correlation coefficient of 0.823) and the normal distributions (with average RMSE and MAE errors
of 0.0142 and 0.01275 and average correlation coefficient of 0.739) have higher potential in estimating the unit
hydrographs of the basin, respectively. The errors of Pearson and Nakagami distributions in both events were
higher than the other distributions. The least squares method also had better performance criteria values than all
distributions in both events.

Conclusion

In general, according to the results obtained in the calibration and testing periods, it can be concluded that the
lognormal distribution is the best distribution for estimating and calculating unit hydrographs (especially in
estimating the ascending branch and peak time and discharge) in the Samian Basin. Also, the Pearson and
Nakagami functions are among the weakest distributions in estimating the hydrographs of that basin. The least
squares method, regardless of its shortcomings, is among the appropriate methods in estimating the unit
hydrograph.

Keywords: Least squares, Mathematica software, Nonlinear optimization, Rainfall-runoff event, Unit
hydrograph
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Table 2- Values of performance criteria of the least squares method and probability distributions of the nonlinear
programming model during the test period in the Samian Watershed

R CcC MAE RMSE
. &t’)" _ 5,5 YV da,a 0 da,5 YV 515,50 5,5 VY Sa,5 0
Distribution 17 Juneevent 26 Mayevent 17 Juneevent 26 Mayevent 17 Juneevent 26 May event
L 0.455 0.670 0.0108 0.0086 0.0167 0.0116
Gamma
S 0.716 0.649 0.0135 0.0134 0.0151 0.0150
Gumbel
Jly 59 0.816 0.830 0.0112 0.0111 0.0135 0.0133
Log-Normal
by 0.783 0.694 0.0125 0.0130 0.0136 0.0148
Normal
PR -0.236 -0.206 0.0210 0.0178 0.0260 0.0214
Pearson
Joms 0.710 0.719 0.0145 0.0137 0.0166 0.0158
Weibul
S . 0.844 0.466 0.0237 0.0243 0.0350 0.0397
Nakagami
Sloe Sl 1.000 1.000 0.000 0.000 0.000 0.000

Least Square
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nonlinear programming model during the test period in the Samian Watershed
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Introduction

Dust is one of the most important environmental hazards in arid and semi-arid regions and can affect vegetation
health through reducing incoming radiation, depositing particles on leaf surfaces, disrupting photosynthesis, and
intensifying environmental stresses. Khuzestan Province is considered one of the major dust-affected regions in
Iran due to its geographical location, proximity to domestic and transboundary dust sources, sensitive wetlands,
extensive agricultural lands, recurrent droughts, and land-use changes. The reduction of wetland water levels,
decline in soil moisture, improper water resource management, and human activities have also increased the
vulnerability of this region. Since vegetation plays an important role in soil stabilization and the reduction of wind
erosion, investigating the effects of dust events on vegetation conditions is of great importance for environmental
and agricultural management. The aim of this study is to analyze the temporal effects of dust events on vegetation
health in Khuzestan Province during the period 2001-2023 using remote sensing and atmospheric reanalysis data.

Materials and Methods

In this study, monthly data for the period 2001-2023 were used. To monitor dust intensity, dust aerosol optical
depth at 550 nm obtained from the Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) dataset was employed. In addition, total AOD and the ratio of dust AOD to total AOD were calculated
to examine the contribution of dust to the total aerosol burden over the region. Vegetation health was evaluated
using two indices, Normalized Difference Vegetation Index (NDVI) and EVI, derived from the Moderate-
resolution Imaging Spectroradiometer (MODIS) MOD13A2 product, version 6.1. NDVI was used as an indicator
of vegetation greenness and density, while EVI was applied because of its lower sensitivity to atmospheric effects
and vegetation saturation.

The 16-day NDVI and EV1 data were converted to a monthly scale and synchronized with the AOD data. Then,
monthly anomalies of AOD, NDVI, and Enhanced Vegetation Index (EVI) were calculated to remove the effect
of the seasonal cycle. Severe dust events were identified using percentile-based statistical thresholds; the 75th
percentile was calculated as 0.296, and the 90th percentile as 0.360. Months with AOD values equal to or greater
than the 90th percentile were selected as severe dust events. Subsequently, the relationship between dust and
vegetation indices was examined using Pearson correlation, linear regression, seasonal analysis, month-by-month
analysis, lag-correlation analysis, and event-based analysis.

Results and Discussion

The results showed that dust AOD in Khuzestan Province experienced considerable temporal fluctuations
during the study period. In total, 70 months were above the 75th percentile and 29 months were above the 90th
percentile, indicating the occurrence of relatively severe and severe dust events. The relative synchronization
between variations in dust AOD and total AOD showed that dust constitutes an important part of the aerosol burden
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over the region.

The analysis of NDVI and EVI anomalies indicated that vegetation health changed noticeably during the study
period, and both indices showed similar behavior in many periods. In the first step, the relationship between raw
AOD and vegetation index anomalies was negative but weak; the correlation coefficient between raw AOD and
NDVI anomaly was -0.144, while that between raw AOD and EVI anomaly was -0.132. This weak relationship is
probably due to strong seasonal cycles and the simultaneous influence of climatic and agricultural factors.

After removing seasonal effects, the strength of the relationship increased. The correlation coefficients between
AOD anomaly and NDVI and EVI anomalies were -0.307 and -0.281, respectively, and both relationships were
statistically significant. This result indicates that abnormal increases in dust are generally associated with a relative
decline in vegetation health. Seasonal analysis also showed that this relationship was stronger in spring; the
correlations between AOD anomaly and NDVI and EVI during this season were -0.388 and -0.346, respectively.
This may be related to active plant growth and the greater sensitivity of agricultural crops during this period.

Lag analysis showed that the effect of dust was not limited to the month of occurrence and continued for several
months afterward. The strongest negative correlation was observed in the same month as the dust event; however,
negative relationships remained at one-month, two-month, and three-month lags. In addition, event-based analysis
showed that after severe dust events, the mean anomalies of NDVI and EVI decreased further in the following
months. This may indicate the cumulative effect of dust, reduced photosynthetic capacity, decreased surface
moisture, or the coincidence of dust events with climatic stresses.

Conclusion

The results of this study showed that there is a negative, significant, and complex relationship between dust
events and vegetation health in Khuzestan Province. The use of AOD anomalies provided a more accurate
representation of the effect of dust on vegetation compared with raw AOD values. The findings indicate that
abnormal increases in dust, particularly in spring and in some sensitive months, are associated with relative
decreases in NDVI and EVI. However, vegetation health is not affected by dust alone, and factors such as
precipitation, temperature, soil moisture, irrigation, crop type, planting time, and agricultural management also
play important roles. Therefore, for a more accurate interpretation of this relationship, the integration of remote
sensing data with climatic, hydrological, and field data is recommended.

Keywords: Aerosol optical depth (AOD), Dust, Vegetation health
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Figure 1- Location of the study area in Iran and the Khuzestan province
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Table 1- Long-term average of climatic parameters for Khuzestan Province
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Table 2- Specifications of the data used in the study

8,90

S5 3,50y

o> S L Py S . o .
P S < Temporal e 23! & Data / 81>
Access link Time  resolution Spatial Variable ~ Source
period resolution used
R EoP Bos "
https://gmao.gsfc.nasa.gov/reanalysissMERRA- Yoyy alale AL Jog il MERRA-2 099 5=
0.5° x A I Optical Aerosol
2/ 2001— Monthly eroso (NASA)
0.625° Onptical (AOD) Depth
2023 P
Depth
4 Jas) 039 VF o8 Loy yadls
v (sbole PN Jley pasls MODIS 2lS ide
https://Ipdaac.usgs.gov/products/mod13a2v061/ vy 16 day- )“’1 ’f Db oxd  MODI13A2 Normalized
2001- m . V6.1 Difference
2023 converted) NDViats Vegetation
(monthly to Index (NDVI)
Y " &SLZB) 7 sl gy 2l
(‘b 2ogliS ) adly> MODIS LS pidy,
https://Ipdaac.usgs.gov/products/mod13a2v061/ vy 16 day- "I k ke MOD13A2 Enhanced
_ m e s
2001 converted) P Sy, V6.1 Vegetation
2023 EVI Index (EVI
(monthly to ndex (EVI)

Fom daly piomiw gl (2LS byl 5 AOD s)bxals
A iliS ol gyllize pdaw g WS awyp led il Bls
Sb)lages muw 5 g dasly ©AD 5 Cap e Sl a3 g )S)
sl fad o lS Cawles Golds 4 dagi b sy 5 4 1Sy,
©obrial  Siuwed.dd pbol o oleasole 9 (lad Judoo ccalises
B oyl 0)90 log Juad (Jlw S slp (LS (sla a3 ls L AOD
slroygd 50 Cumlue gl U 105 duolors yrolivw U o g puolivw
&g eSS Jldow lgicds sloasole Judou gd jastine calise
Fssd daly b slaole oluliss (gl olo o )5 dged Cudgizme s
Hlows il 63l conl Son JLé 55,5 31 oS bl 5l s plol
L5 plool olas 51 s oo dw U oo Jolgd (sl 63l (Stuon
s ol ) 00,5 bl GlalS Fl loj 5 Sl Bl b
olo ;3 EVI s NDVI (¢)bxial Sle duwlee Jolis jgmmadlis
Sl pYLAOD b sloole (lp )] 51 oo olo dw g 31055 £43
S lS ibe el Ul des jasie boad pll -
Jols glals posin Cgnjla cpl s b oyls dsldl wud (sla Lol
Slals b Lo 30055 {5 rinb s pl5) (Sinusand
9 )k 505 Ole oty daly 538y yp OBl (3 b g

29l wal g |y liwjes il (2l Gide cedlw

&))s MODIS 5 Jols EVI g NDVI (glaosls < Jlio 5
Ol ¢l 0390000 (B Sl g 0392 JraglS ) (Sl SSE
il olo o (gl adllas odgixe 55 adly (clo Sy ol
by g g sbodls gl Sl S8 a2 ST cplpls 08
@ G 65 Sle Sl g jsite (oled 298 LSy (2L
Lly) g 9 935 Joas il ol ) alale Sloj slacs
A5 ey (2L Shdg slaasls s AOD &l
2 e i plie (pSbe (e g Sloj (S5lopleSs 5l o
gl dlale Sloj (gl gy dlow) (gly liwjsds bl odgaxe
(lept Sl p Sy g (Jad S Sl Blo Gl S
A5 dpsle AOD 5 EVI NDVI (gl jasls slale (g )beinl
a olo et Saodily 5Siko b oo b e B I (g loeal
Cuto pdlie g aLS e ol srmd il aie e el Cawd
oIl ol AOD (g )buial (pwizmad sl )] 29x00 oaims Lt
6yr 5 dlrs wilalo Jgans Carndy I Ui 5 3,8 S il
2 itee bl clawliol I Gli 55,5 as lashs, el
aliwl iy A 5 YO Suw b odlitwl AOD slaSus
s slaole 5 Bs 4BS i > s g sy Les slaolis,
obasl was s, slacle lged A0 Suo I YL AOD
o slaole g £8g olo > (LS (glapadld Fsl w38
bl )8 plosl o diz 53 ()bl sl il A ) o
s NDVI (slags)lmial 9 AOD pl polie oy gy (Stuos
O Sasad e A5 duslxe gl dlaily ob5)1 sl EVI



P8 sl oo F il S5 g ol ki VY

o9dle sl G i yay Blue g Red NIR calaly oyl 4
calyo L 5 C2 C1 G clyd id ol 5 oy «Sudp joyd
Py cad g Yoane EVI 5 kil duwloee 10 a5 sitwd ( suzual
(Huete et al., 2002) 1 0 48,5 )15 3V 4 V,0 & ¥,0

(P by cede oleps i eyp Glp
o lxal 5 aslxe EVI g NDVI glale (clagyloxnl
ol plon Saenily 3:Ske b o] alale e GBI ) asls
Sy 35 00 g uad a8 a3l Gls sl g,y ol el o
gty g)omal (IS (V) daly 9d 0 (AL Hlidg (o3le e
:(Vicente-Serrano et al., 2010) col

Anomalyyim = Xim — Xm (v)

cMobo i Jlo > alS e (asls jlage X_i,m o &
Gl addllas 0y50 IS 13 olo ot Stesidy 45500 Mean(X_m) o
GBS Gy Codl (o Sl osiad Ui ()bxinl (gite e
St 043 Ui 4l Cute Hlude g colo (ylad Jgame basl s 4 s
ol (DS Sludgy (o

Jogsl g Bes alhe 5l olégs onb
Jeb »> (Dust Aerosol Optical Depth; Dust AOD) ,Legs,5
Yoo I (S jaie cpl b edlaiw] jegl DA zae
5 kg3, (slo g3l s o sl MERRA-2 ool
L AOD .(Randles et al., 2017) aad oo ;Ui |y 9> Juwg 5T JS
Bl O3 b (g8 b amd (s Sy gl (6595 3os
Ol el sy o padll g amd e Gl |y g gt
ol Lasls lsicas 5205l 00+ zgo Jsb ;> DUst AOD calllas
&y Total AOD 550 NnM e .0 odlatwl jLe 53,5 coud
&l Total AOD 4, DUst AOD s g o _lusg 51 1S )l (susy o
Levyetal.,) cd) 5 4 (Jogsl )b IS 51 ke 535 ptes
(2007

bl claalinl j olé 55,8 s elaolis, lols
YO Sdo Gibgh opl 5o b ool DUSt AOD x93 0 (Sius
Sl lgisdy Ao Sho g bl b cbolis ) sl g
P VO Sdo jlade i a5 a5 5 5Le 95,5 wad slaolis,
weole cplpls ad duwbrs + Y8 by A Sas Hlide g - ,YAF
Slsids 03 A Sio jl yuin byl byl Dust AOD s o5
2l by b gl Jibs 0 )L 508 wab laals,
A5 el

Gupd (B e g ke 9 35 on b ewyp Sl
EVI 3 DVI sl bual 5 DUSE AOD (y (ygew s (Kot
Iy paxio 93 oy (ot dlaly Gud g Can copd opl b Al
e e s I3 Y B =Y e o] e g amd e ol
On e alaly o2 (LS Cate Jlade 5 ugSiae by onina L

ouldicyl 3y 90 ¥ulas g Laaals

0SS 93 5l (LS by Candg 2Lyl sl pieeR ol
owl oS NDVI asls .5 eslisel EVI sNDVI

oMo g w515 (S jos sz Sl r92)ltone laasls
Sb > b QB3L SWST ol g Conl (BLS Gidgy (oges
gty ALl opl Dedioe Al Jo)8 9 Su35 je ) gdle
:(Rouse et al., 1974) 545 oo iy ya5 (V) il

WDV = )

8L b3k Red 5 K35 50,5 ygole wily CEL NIR ] 43 oS
2LS id g oniad L 5 Vaere NDVI YL jo0lie . | 50,8
SRl Sl sl ol 45 Jlo 3 el St 5 il
Xue & ) cusl (BLS b g9 886 (2] b (LS (a5 (K jow
.(Su, 2017; Zhang et al., 2017

Gty SB dtnjige Sl il jslaiens 5 EVI pasls
LS by Ol &) Cnad Gl S9ut0 (i 5 (S5
Poped dalyd S 3 NDVI & s (aslis opl ab ool
3Slos it s Lyt b oSTyie (LS (b sl ol
2 ogMe (EVI) adlooy alS idg edls o) o5,lul
Siddog 5 St 3blie 3 1) s o3lizal Ling}y o) ,sNDVI
» Nl SB diejm CUL 5 0392 0aSTy (LS (idg oS
Syt & Cond b Comlus il S5 ol ol b
Y o515 Lyl )5 4 NDVI GMs 5y ) alS ide S5
OSan SB L oy BB b L iblie 3 b 5 alS (b
ey Jlos! b EVI 09 comlus 25 b glsl o cul
P e @bl g buld g S die e @l eaS Mo
oS15eS Slaptummgsl 3 2l by Ol (il sl
Caol liwjon bl gl (She ol (Huete etal., 2002) )l
bl Jols adllas 390 dilaio Sl (3bj (i 1 )l> slojg
5 ol DA s sl oSl (b slacudy (S
S s g )3 8l e g3 )5 gl b cov sblie
Cogby 5 SB Lulyd 156 cov Wlg e LS by Cundy
S dag 5 Suid 3blo 3 sadpbol Sllllas 3,5 )5 o
5 EVI des j) MODIS (glajasls & wlools oL 56 oyl
il g (alS iy Sledt Gl @l lio CLLBENDVI
S s oeldl bl sy £ 4 ol 5 Slas 5 )l Jluslis
Jafari et al., 2017; Shahabfar & ) cuwl auwly adkio sl
J(Eitzinger, 2011

Huete et al., ) 55— 0 dwlbxo (V) alaly & ygots EVI
(2002
EVI = G X NIR-Red (Y)

NIR+CyxXRed—CyxBlue+L




YYY L Bl g codbe g )L 90,5 solasgy il iloj Julowd ooy Ke g (ouiileyg

Sllogs gy lusjes bl )3 )L 53,8 cad aS sy L VYV
lon 355 Jgo 5 5,5 AOD yslie ool 55 15 o)
2 3 o)l (sla I3l laole (550 )5 g cudlas (19S55l
byl s Sl 5l (SU Wlg5 o Sllwgs cpl A sdalie Jle 53,5
Cipolyd wlio )L 5 38 slmorg Jliml 5 LBl plie cllad
d)LJ Lng:\SL’.’.uT Wl Hle g0 b sleole gilolin (ol il
lg u.;.liboLo cu»lwl L)"‘ » ..\ni Cawddy ',Y‘;' )J.I)J. e St )I.\.a.o
e 50,5 by slaole laicas + Y45 5l i b pl AOD jlade
Olgsds ¥ 5l jnin b oply Jhde b ool 5 i ks
655 lad 41255 )50 S 5l 5Vl olo YA 5 VO Ss j1 YL
A3 o LS gadge (pl Cusl 034 Liwl yon AOD Total ol s L
S ) ailaie g1 )l Ol 1 oge e JhE 5 2,5 oS
glgl plo Jols AOD Totalaslol 5l Jb ol b .amd e
o Sl @l g Glasl (gl 5l il @b wSle by fuwg il
Soolass] Lasls olsiea; AOD ;| Lol sl b )3 @ oo

A edlaiwl Hle 90,5 wud gly

Pearson ET ALO., 1895; Zar et al., ) 54 0 cayyas
(2010
r = Z(Xi_X)(yi_y) (\c)
2(x-X)"xx(v;-7)*

&)bxal yolie Yi Dust AOD ,olie Xi cabayl, )
oSke ¥ 5 DUst AOD (,Ske X (S iig asls
b sy i Siaen oM sl (LS iy ()bl
NDVI (,lxial g DUSLAOD ¢y abaly (S 839y (o2 sl 3
(Suetal., 2012; Gong et al., 2024) 1.5 o3liu!

928 ba s claalss) (6p8b S b)) sl cales
Ausy 5l s olo 93 9 35 5l s olo S ey ol g8 ol
058 wal By £ 90 nl (o s OBl Jebod cpl A ds Lo
2 3550 ol dl obdly (AL i gy 5 lé 558 S
S o My (6t B (g sbrole

.

=W

St 99 ,SAOD e ol jusds
G Yee) o)90 (b AOD 550 nm wilale  Sloj (gpuw (sawyp

=) 2yl 895 32 JwgpT dilalo (5,99 Gas | Monthly Aerosol Optical Depth over Croplands

0.6 = Jil33) siesi | Dust at 550 nm
yagll 00+ J5 40P | Total AOD at 550 nm

AOD | AOD

===s i 3,8 V0 Suo il | Dust AOD 75th-percentile threshold threshold
------ Jhé 39,5 4+ Sas wal | Dust AOD 90th-percentile threshold threshold

2000 20'04 2008 2012 2016 2020 2024
&)U I Date

oYY G Yeod oy90 b oyluwos bl ;3 JS AOD 4 ,Le ¢ 5,5 AOD ailale Ol gty —F JSU5
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Introduction

Drought can be considered one of the most significant hazards for sustainable living in rural areas of Iran, many
regions of which are characterized by arid and semi-arid climates. During the last decades, drought occurrence has
led to a decrease in the provision of ecosystem services and negative socio-economic consequences. Moreover,
pressure on surface and underground water has been rising, especially in the agriculture-focused Fars Province.
Despite numerous drought assessment studies performed in Iran, the use of composite indexes that would integrate
both social and environmental aspects of drought resilience on the basis of objective and available data is relatively
rare. Indeed, earlier studies had used narrow criteria sets or questionnaire-based approaches to estimate social
resilience, without developing a replicable data-driven approach. However, such a development is needed due to
the multi-dimensional nature of the concept, which encompasses several factors like land use dynamics, population
trends, agricultural diversity, irrigation systems, education, and employment age structure. Therefore, development
of a composite index to analyze all those factors is required for effective decision-making in this field. In this
paper, the analysis of social resilience to drought on the basis of the LPCIEA composite index is conducted in two
rural settlements — Mohammadabad and Majdabad — of Marvdasht County, Fars Province, over a 24-year period
(2000-2024).

Materials and Methods

LPCIEA composite index includes six criteria: Land use (L), Population (P), Crop diversity (C), Irrigation
level (1), Education (E), and Employment age (A). Data on these criteria were collected from various sources:
Landsat ETM (2000) and Sentinel-2 (2024) imagery for land use classification and Normalized difference
vegetation index (NDVI) calculation; census statistics and village level data for population and education; and
field survey for irrigation level and crop diversity. Image pre-processing, including atmospheric and geometric
correction, was carried out in Environment for Visualizing Images (ENVI) 5.6, while maps of land uses were
created on the basis of Support Vector Machines (SVM) classification with accuracy from 86% to 91% and Kappa
index from 0.82 to 0.89. Crop diversity was estimated on the basis of Shannon-Wiener index. All variables were
standardized using the Min-Max method to 0-1 scale. Weights for each criterion and sub-indicator were objective
and estimated by means of Principal Component Analysis (PCA), which accounted for 76.4% of total variance
using five principal components. Resilience score (R) for each village was calculated as a linear weighted
combination of six standardized criteria. Multiple regression analysis (ENTER method) was used to determine
contributions of each criterion to total resilience. Model validation was carried out using Durbin-Watson statistic
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and tests for multicollinearity (VIF and Tolerance), while spatial maps of resilience were generated for 2000 and
2024,

Results and Discussion

Over the period of 24 years, 12 states of resilience were identified for the two villages and six criteria. Six of
them were red ("very low resilience™), three were yellow ("moderate but declining™) and only three states were
green ("favorable™), which indicates the dominance of critical states and a long-term erosive trend. The regression
model had excellent goodness-of-fit, with multiple correlation coefficient (R) of 0.995 and adjusted R2 0.98, while
Durbin-Watson statistic of 1.892 indicates the absence of autocorrelation. Out of six criteria, "Crop diversity" (C)
had the greatest positive and statistically significant effect on resilience with the beta coefficient of 0.785 (p <
0.01), contributing to 96% of explained variance. On the contrary, "Education" (E) had the lowest effect (f =
0.095, p = 0.63), which indicates that despite the considerable increase in literacy rates, it had little influence on
drought resilience in compared with agricultural diversification and irrigation. Other criteria in order of importance
were Population (B = 0.465), Employment age ( = 0.430), Land use (B = 0.380), and Irrigation ( = 0.250). The
derived regression equation is as follows: R = 1.450 + 0.090L + 0.220P + 0.185C + 0.1101 + 0.040E + 0.145A.
According to temporal analysis, Majdabad village showed considerable population growth (resilience score from
46 to 77), Mohammadabad village showed moderate growth (44 to 50), while both villages suffered from a severe
decrease in crop diversity (from 42 to 7 points) and irrigation level (from 36 to 16 points), which is a consequence
of water shortage. On the other hand, the education score increased substantially (from 8 to 41-46 points), but did
not lead to the corresponding increase in resilience because of the priority of production-related factors.

Conclusion

It is evident that drought resilience in the analyzed villages is mostly determined by crop diversification and
availability of water resources, rather than demographic and educational factors. Majdabad village, which has
greater population (8,970 people) and greater pressure on resources, needs urgent adaptive measures, followed by
Mohammadabad. The dominance of red-status resilience states (6 of 12) indicates critical a threshold, and
immediate policy measures are needed. Therefore, the following recommendations can be made on the basis of
this research. It is necessary to focus the supportive policies on increasing crop diversity, promotion of crops with
low water demand and diversification of the agricultural portfolio. Equally important is active participation of
local communities in decision-making bodies — like strategic planning, priority setting and budget allocation,
which will promote social cohesiveness and joint actions. Different villages showed different adaptive capacities
under similar climatic conditions, therefore, a differentiated rather than general strategy is needed. The index
LPCIEA, which provides objective weighting based on PCA and uses replicable satellite and census data, is a
useful instrument for periodic resilience monitoring. Future research should expand this approach to other regions
and incorporate climate projection scenarios into it.
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Figure 2- Color combination of Landsat satellite images from 2000 in the villages of Mohammadabad and Majdabad,
Marvdasht, Fars Province
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Figure 3- Color combination of Sentinel satellite images from 2024 in the villages of Mohammadabad and Majdabad,
Marvdasht, Fars Province
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Figure 4- Land use map in 2000 in the villages of Mohammadabad and Majdabad, Marvdasht, Fars Province
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Figure 5- Land use map for the year 2024 in the villages of Mohammadabad and Majdabad, Marvdasht, Fars Province
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Table 1- Resilience values for the years 2000 and 2024
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Figure 6- Resilience map in the villages of Majdabad and Mohammadabad in 2000
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Table 2- Correlation coefficient values of the studied criteria in the villages of Majdabad and Mohammadabad

Rl [ i ;
- . CaRoD> . . Ly' UM JO T g
$be! sl s Po l“JIa';io < & Irﬁ)atio Educatio Uil gy a9l
Variable Land use pn Product diversity % n Employment age  Resilience
/Statistic
el el
Land Use
O 1 -0.18 0.25 0.31 -0.17 0.22 0.29
Pearson
Sig. (2-tailed) 0.62 0.48 0.39 0.63 0.54 0.41
N 10 10 10 10 10 10 10
Populationceses
o9 -0.18 1 -0.07 -0.890** 0.970** -0.810** 0.41
Pearson
Sig. (2-tailed) 0.62 0.84 0 0 0.005 0.24
N 10 10 10 10 10 10 10
Product
Diversity
0P 0.25 -0.07 1 0.21 -0.15 0.23 0.852%*
Pearson
Sig. (2-tailed) 0.48 0.84 0.56 0.68 0.52 0
N 10 10 10 10 10 10 10
Irrigation ¢ L
o3 0.31 -0.890** 0.21 1 -0.870** 0.925** 0.15
Pearson
Sig. (2-tailed) 0.39 0 0.56 0.001 0 0.68
N 10 10 10 10 10 10 10
Education
o9 -0.17 0.970** -0.15 -0.870** 1 -0.760** 0.145
Pearson
Sig. (2-tailed) 0.63 0 0.68 0.001 0.008 0.68
N 10 10 10 10 10 10 10
Jbdl oy
Employment
Age
09 0.22 -0.810** 0.23 0.925** -0.760** 1 0.33
Pearson
Sig. (2-tailed) 0.54 0.005 0.52 0 0.008 0.35
N 10 10 10 10 10 10 10
Syl
Resilience
09 0.29 0.41 0.852** 0.15 0.145 0.33 1
Pearson
Sig. (2-tailed) 0.41 0.24 0 0.68 0.68 0.35
N 10 10 10 10 10 10 10

o[-0 C.Iaw 5 ‘_5)‘.)(_;'\.19 g
*Significance at the 0.05 level
SRR S e
**Significance at the 0.01 level
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Table 3- Study of Durhin-Watson statistics in the villages of Majdabad and Mohammadabad
09'"‘”3‘9 —Om9° )lﬁ.&o )‘ d‘)bul B Jo R l.béubd).o M
Durbin-WatsonStd. DeviationAdjusted R Square R Square R (Correlation)
1.892 0.35 0.98 0.99 0.995
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Table 4- Values of standard regression coefficients in the villages of Majdabad and Mohammadabad

paud 3 ilinl Culpd D 3] gl i

Low!
Cflline)a: ) Standardized Unstandardized
y ) _Sfl_g- t coefficients coefficients Jue
VIE . significance R o . Model
Variance inflation e b e &
factor Tolerance B Std. error B
- - 0.65 0.453 - 3.2 1.45 <l s
Constant
1.49 0.67 0.155 1.875 0.38 0.048 0.09 w2l 6
Land use
50.5 0.02 0.105 2.444 0.465 0.09 0.22 e
Population
1.82 0.55 0 15415 0.785 0.012 0.185 Product
diversity
LS)L:.*.T
22.22 0.045 0.3 1.222 0.25 0.09 0.11 Irrigation
M
50 0.02 0.63 0.5 0.095 0.08 0.04 Education
Juadl
11.76 0.085 0.05 3.222 0.43 0.045 0.145 Employment
age
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