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A B S T R A C T 
This study aims to determine the effects of seaweed and boron-molybdenum applications 

on the leaf plant nutrient content of pistachio trees under drought stress. The research 

was conducted in a farmer's orchard in the Nizip district of Gaziantep province during 
2023 and 2024. The experimental material consisted of 25-year-old 'Siirt' pistachio 

variety grafted on buttum (Pistacia khinjuk) rootstock, planted at 7x7 meter intervals. To 

determine the effects of the treatments under drought, the experiment was carried out on 
a total of 30 trees (10 trees per group), consisting of an irrigated treatment group, a non-

irrigated (drought) treatment group, and a control group that received neither irrigation 

nor any fertilizer/seaweed applications. Commercial forms of seaweed and boron-
molybdenum fertilizers were used for the applications. According to the statistical 

analysis of leaf samples taken in August and September, irrigation, year, and sampling 

period interactions had a significant effect (p<0.05) on potassium (K), calcium (Ca), 

magnesium (Mg), iron (Fe), and manganese (Mn) contents. The results indicate that 
irrigated conditions enhanced plant nutrient uptake, while the negative impacts induced 

by drought stress were mitigated by the fertilizer and seaweed applications. In 

conclusion, the findings demonstrate that seaweed and mineral-supported fertilization 
strategies improve the nutritional status of pistachios under drought stress and contribute 

to sustainable agricultural practices. 

I NT RO DUCTI O N  

Global climate change and diminishing water resources are increasingly exacerbating drought stress, which severely 

threatens agricultural production (Farooq et al., 2009; Jaleel et al., 2009). Agricultural drought poses a significant problem 

for crop production in countries located in arid and semi-arid climate zones, such as Türkiye. Although pistachio (Pistacia 

vera L.) is a relatively drought-tolerant species with high adaptation capability, its physiological processes, growth 

performance, and water uptake are negatively affected under prolonged and severe water deficits (Abbaspour et al., 2012). 

Recent whole-genome resequencing studies in pistachio (Pistacia vera L.) have unveiled extensive genomic variations and 

high-density marker profiles, laying a vital foundation for understanding complex stress-response mechanisms and 

facilitating molecular breeding programs (Karcı & Kafkas, 2022).Under drought stress, plants' uptake of water and mineral 

nutrients from the soil is restricted, osmotic balance is disrupted, and significant decreases occur in the accumulation of plant 

nutrients in the leaves (Filek et al., 2012). 

To mitigate these adverse effects, enhance plant performance, and ensure sustainable production, organic biostimulants and 

specific micro-element fertilizations have emerged as viable alternatives. Seaweed extracts, widely used in agriculture as 

biostimulants, promote plant growth due to their rich content of macro and micro nutrients, plant hormones (auxins and 

cytokinins), vitamins, and amino acids (Craigie, 2011). Seaweed applications have been reported to improve nutrient uptake 

from the soil, maintain cellular water balance and increase physiological tolerance against environmental stresses such as 

drought (Ali et al., 2021; Voko et al., 2022; Ertürk & Kutlu, 2025). 

On the other hand, pistachio is a plant species highly sensitive to boron deficiency (Brown et al., 1994). Indeed, a 

comprehensive soil survey in Gaziantep province—one of the primary pistachio production regions in Turkey—revealed 

that plant-available boron levels are deficient in almost all orchard soils, showing a significant negative correlation with high 

soil pH levels (Çimrin et al., 2018). Boron (B) is an absolutely essential element for cell wall synthesis, maintaining the 

integrity of the plasma membrane, and carbohydrate metabolism in plants (Goldbach & Wimmer, 2007). Molybdenum (Mo) 

is crucial for nitrogen metabolism and other vital developmental processes (Williams et al., 2005). Especially under 
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conditions where soil moisture is insufficient, such as drought, root nutrient uptake is highly limited; therefore, foliar 

application of fertilizers containing boron and molybdenum provides a great advantage in meeting the nutritional needs of 

the plant quickly and effectively (Dursun, 2010). 

Although previous studies have separately demonstrated the benefits of seaweed and boron applications on plant 

development and stress management, researches evaluating the combined effects of these applications on leaf nutrients in 

pistachios under drought stress are quite limited. While single applications of biostimulants or micronutrients have been 

evaluated in separate studies, combining seaweed extracts (rich in phytohormones and organic osmolytes) with essential 

micro-elements (B and Mo) creates a multi-targeted synergistic formulation. Boron facilitates carbohydrate transport and 

cell wall stabilization, whereas molybdenum is vital for enzymatic nitrogen metabolism. Investigating their combined 

application allows for evaluating a complete, eco-friendly biostimulation package suitable for practical orchard management 

under drought stress. The aim of this study is to determine the effects of seaweed and boron-molybdenum fertilizer 

applications on the plant nutrient content in the leaves of pistachio trees exposed to drought conditions. The findings are 

expected to make significant contributions to sustainable pistachio cultivation and plant nutrition strategies under arid 

climate conditions. It was hypothesized that the combined foliar application of seaweed extracts and boron-molybdenum 

(B-Mo) would synergistically enhance leaf macro- and micro-nutrients (particularly K, Ca, N, and Fe) and preserve cellular 

membrane integrity in pistachio trees subjected to drought stress compared to untreated rainfed controls. 

M AT ERI ALS AND M ET HO DS  

Study area and experimental material 

This study was conducted in a farmer's orchard located in the Nizip district of Gaziantep province during the 2023 and 2024 

growing seasons. Total annual precipitation in the Nizip district was recorded as 253.9 mm in 2023 and 278.4 mm in 2024, 

with over 75% of the rainfall concentrated between November and April, leading to severe soil moisture deficits during the 

active vegetation period (May–September). The experimental orchard soil possessed a clay-loam texture with an alkaline 

reaction, high calcium carbonate content, low organic matter, and low plant-available boron and phosphorus levels. The 

average annual precipitation in the study area was recorded as 253.9 mm. The experimental material consisted of 25-year-

old 'Siirt' pistachio (Pistacia vera L.) trees grafted on buttum (Pistacia khinjuk) rootstock, planted at 7x7 meter spacing. In 
the second year (2024), foliar applications were repeated in late May and late June using the same doses and cultural 

practices. 

Experimental design 

The experiment was carried out on a total of 30 trees, divided into three groups of 10 trees each. The groups were designated 

as follows: (1) an irrigated group treated with seaweed and boron-molybdenum (B-Mo), (2) a non-irrigated (drought-

stressed) group treated with the same seaweed and B-Mo applications, and (3) a control group which received neither 

irrigation nor any biostimulant/fertilizer applications (untreated, rainfed control). Commercial forms of seaweed (Comcat 

Alga: 75% organic matter, 2.2% K2O, max. 26% alginic acid, pH 5-7) and boron-molybdenum (Foly B-Mo: 11% B, 0.5% 

Mo) fertilizers were used. The first application was performed in mid-March via an underground drip irrigation system at a 

dose of 2 g seaweed and 2 g B-Mo per tree. Subsequently, the irrigated group was watered every 20 days, while irrigation 

was withheld for the non-irrigated group. The second application in mid-May and the third application in mid-July were 

applied as a foliar spray to both groups at a dose of 25 g seaweed and 150 ml B-Mo per 100 L of water. In the second year 

(2024), foliar applications were repeated in late May and late June using the same doses and cultural practices. No basal soil 

fertilization was applied during the experimental seasons to avoid interfering with treatment responses. 

Data collection and statistical analysis 

Leaf samples were collected to determine plant nutrient contents, dried in a forced-air oven at 72°C, and ground into powder. 

A 0.25 g sample was digested with 9 mL of HNO3 and 3 mL of H2O2 in a microwave oven (Cem Mars 6) at 200W for 30 

minutes. The digested samples were filtered and diluted to a final volume of 25 mL with distilled water. The contents of Ca, 

Mg, Fe, Mn, Zn, and Cu were determined using an Atomic Absorption Spectrophotometer (Perkin Elmer 240 FS AA), while 

Na and K contents were measured using a Flame Photometer (Jenway PFP 7) (Tefera and Chandravanshi, 2018; Mengel et 

al., 1984). For statistical analysis, the data were subjected to Analysis of Variance (ANOVA), and differences among 

treatments and years were evaluated at p<0.05 using Tukey's Honestly Significant Difference (HSD) post hoc test. 

RESULT S AND DI SCUSSI O N  

Based on the data obtained from our research, the statistical effects of seaweed and boron-molybdenum applications on all 

leaf plant nutrients (Nitrogen, Potassium, Calcium, Magnesium, Iron, Copper, Zinc, and Manganese) in pistachio trees under 

drought stress are presented in Table 1. The mean values for the main effects and the results of the multiple comparison tests 

are summarized in Table 2 and Table 3. 

When the data in Tables 1, 2 and 3 are examined, it is observed that the treatments had statistically highly significant 

(p<0.001) effects on the potassium (K) and calcium (Ca) concentrations in pistachio leaves. The findings obtained, especially 

regarding potassium uptake, are quite striking; while the K ratio remained at 0.10% in the control group without soil 

fertilization, this ratio increased to the 0.14%-0.15% band in the groups treated with foliar seaweed and boron-molybdenum, 

regardless of drought stress. Potassium is the most critical element playing a role in osmotic regulation and plant water 
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balance (Shabala & Cuin, 2008). Even if drought stress (non-irrigated conditions) restricts mineral uptake from the soil, it 

has been proven that this supplementary foliar application successfully compensates for the potassium nutrition of the plant. 

The three-way interactive effects of treatment, sampling period, and experimental year on the leaf macronutrient 

concentrations (N, K, Ca, and Mg) of pistachio trees are graphically illustrated in Figure 1. Similarly, seaweed extracts are 

known to increase the tolerance of plants to osmotic stress thanks to their rich mineral structure and bioactive molecules 

such as auxins and cytokinins (Bastam et al., 2013; Zafar et al., 2022). 

Table 1. Effects of treatment × period × year interactions on leaf macronutrient and micronutrient concentrations of pistachio 

(Pistacia vera L.) trees 

Treatment Period Year 
N  

(%) 

K  

(%) 

Ca  

(%) 

Mg  

(%) 

Fe  

(mg kg-1) 

Cu  

(mg kg-1) 

Zn  

(mg kg-1) 

Mn  

(mg kg-1) 

Control 

(Absolute Untreated) 

August 2023 1.64 cd 0.11 bcd 0.60 def 0.4136  8.25 fg 23.96  17.61  31.93  

 2024 1.83 bc 0.08 d 0.63 cde 0.4115  17.53 ab 19.44 19.46  33.26  

September 2023 1.62 cd 0.14 abcd 0.56 ef 0.4122  9.28 ef 22.92 18.87  32.24  

 2024 2.48 a 0.09 cd 0.65 cd 0.4117  14.43 bc 18.06  19.24  33.68  

Irrigated 

(Seaweed+B-Mo) 

August 2023 1.62 cd 0.20 a 0.72 ab 0.4123  7.73 fg 24.65  18.76  31.72  
 

2024 2.46 a 0.10 bcd 0.71 ab 0.4137  9.28 ef 20.14  17.54  33.06  

September 2023 1.42 d 0.21 a 0.75 a 0.4116  15.98 abc 25.69  19.35  31.42  

 2024 2.09 ab 0.10 bcd 0.68 bc 0.4132  13.09 cde 15.97  17.98  34.29  

Non-Irrigated 
(Drought+Seaweed+B-Mo) 

August 2023 1.68 cd 0.16 abc 0.57 ef 0.4118  13.40 cd 20.83 19.17  32.85  

 2024 2.44 a 0.10 bcd 0.60 def 0.4125  5.15 g 20.83 18.57  32.85  

September 2023 1.53 cd 0.16 ab 0.55 f 0.4121  9.79 def 23.61 18.91  32.03  

 2024 2.22 ab 0.18 a 0.61 cdef 0.4105  19.38 a 18.75 20.31  33.47  

Means within the same column followed by different letters are statistically significant at the p < 0.05 significance level. 

Table 2. Analysis of variance (ANOVA) P-values and significance levels for leaf nutrients 

Source of Variation DF N K Ca Mg Fe Cu Zn Mn 

Year 1 <0.001* <0.001*   0.020* 0.991 <0.001* <0.001* 0.964 0.442 

Period 1   0.246   0.012*   0.431 0.928 <0.001*   0.076 0.723 0.895 

Treatment 2   0.325 <0.001* <0.001* 0.994   0.300   0.480 0.918 0.996 

Year x Period 1   0.117   0.325   0.688 0.992   0.001* <0.001* 0.970 0.777 

Year x Treatment 2   0.097   0.001* <0.001* 0.988 <0.001*   0.001* 0.830 0.951 

Per x Treatment 2 <0.001*   0.211   0.914 0.999 <0.001*   0.185 0.998 0.990 

Year x Per x Trt 2   0.001*   0.039*   0.009* 0.994 <0.001*   0.058 0.910 0.983 

( * ) Indicates statistical significance at the p < 0.05 level. 

Table 3. Main effects of year, period, and treatments on leaf nutrient contents and statistical groupings according to multiple 

comparison (Tukey HSD) test 

Source of Variation 
N  

(%) 

K  

(%) 

Ca  

(%) 

Mg 

(%) 

Fe  

(mg kg-1) 

Cu  

(mg kg-1) 

Zn  

(mg kg-1) 

Mn  

(mg kg-1) 

Year         

2023 1.58 b 0.16 a 0.62 b 0.41 10.73 b 23.61 a 18.77 32.03 

2024 2.25 a 0.10 b 0.64 a 0.41 13.14 a 18.86 b 18.85 33.43 

Period         

August 1.94 0.12 b 0.63 0.41 10.22 b 21.64 18.51 32.61 

September 1.89 0.14 a 0.63 0.41 13.65 a 20.83 19.11 32.85 

Treatment         

Control (Absolute Untreated) 1.89 0.10 b 0.61 b 0.41 12.37 21.09 18.79 32.77 

Irrigated (Seaweed+B-Mo) 1.89 0.15 a 0.71 a 0.41 11.52 21.61 18.40 32.62 
Non-Irrigated (Drought+Seaweed+B-Mo) 1.96 0.14 a 0.58 c 0.41 11.93 21.00 19.23 32.80 

(Means followed by different letters within the same factor group are statistically significant at the p<0.05 level. Groups 

without letters indicate no statistical difference.) 

When the calcium (Ca) element is evaluated, it is clearly seen to what extent the nutrient uptake mechanisms of plants are 

dependent on the availability of water. Calcium is an element transported via xylem, and its uptake is directly dependent on 

the transpiration flow of the plant. Indeed, while the highest calcium content (0.71%) was determined in the irrigated and 

fertilized group, this value was recorded at the lowest level (0.58%) in the group exposed to drought stress. However, the 

foliar supplementation of the boron (B) element, which is critical for the plant's defense mechanisms, provided support for 

maintaining cell membrane stability even under limited water conditions (Doğru, 2020; Torun et al., 2021). 

Although the main effect of the treatment alone on Nitrogen (N), Iron (Fe), and Copper (Cu) concentrations appears to be 

statistically insignificant, the three-way interactions of year x period x treatment created highly significant (p<0.001) 
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variations on the N and Fe elements. Iron (Fe) and Potassium (K) accumulations were generally found to be statistically 

higher in September (the second period) than in August. On the other hand, it was determined that neither irrigation regimes 

nor treatments created a significant variation (p>0.05) in Zinc (Zn), Manganese (Mn), and Magnesium (Mg) contents. 

Furthermore, the dynamic fluctuations and statistical interactions of the treatments across sampling periods and years 

regarding leaf micronutrient concentrations (Fe, Cu, Zn, and Mn) are presented in Figure 2. Similarly, in grapevines (Vitis 

labrusca L. cv. 'Isabella'), foliar boron application has been shown to exert a distinct influence on leaf nutritional status, 

generally increasing N, P, Ca, Mg, Zn, Cu, and Mn concentrations while reducing Fe and K levels (Gökdemir, 2016). In 

conclusion, in pistachio cultivation carried out in areas with water deficit, it was determined that foliar seaweed and B-Mo 

fertilization balanced K nutrition, which has a key role especially in stress management. Under drought stress, physiological 

and biochemical balances in plants are severely disrupted, leading to oxidative stress, which results in lipid peroxidation 

(MDA accumulation) and ion leakage in cell membranes (Pakzad et al., 2019; Jamshidi Goharrizi et al., 2024).  

 

Figure 1.Effects of treatments on sampling periods and years on the leaf concentrations of macronutrients in pistachio 

(Pistacia vera L.) trees. 

 

Figure 2. Effects of treatments on sampling periods and years on the leaf concentrations of micronutrients in pistachio 

(Pistacia vera L.) trees. 

Indeed, different pistachio genotypes and their interspecific hybrids actively trigger complex osmotic and non-enzymatic 

defense mechanisms, characterized by the marked accumulation of compatible osmolytes such as proline, glycine betaine, 

soluble carbohydrates, and phenolic compounds, which collectively stabilize cell membranes and restrict malondialdehyde 

accumulation under severe water deficits (Farhadi et al., 2024). In this context, similar to other woody perennial species such 

as almond (Prunus dulcis Mill.), the accumulation of compatible solutes and physiological responses under water-deficit 
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conditions serve as critical parameters for screening and evaluating drought tolerance among different genotypes (Karimi et 

al., 2012). Similarly, different wild pistachio rootstocks display a high degree of genetic plasticity and respond with distinct 

nutrient accumulation strategies under exogenous stress-mitigating treatments (Cetinkaya and Kulak, 2019). The loss of cell 

turgor and damage to membranes physically restrict the uptake of plant nutrients (especially K, Ca, N) and water from the 

soil. At this point, the exogenously applied combination of seaweed and boron-molybdenum makes nutrient uptake 

sustainable by activating the plant's defense mechanisms from multiple branches to enable agronomic resistance against 

environmental limitations. 

Seaweed extracts act as powerful biostimulants that directly promote plant metabolism due to the plant growth regulators 

(auxins, cytokinins, gibberellins), amino acids, and rich mineral substances naturally present in their structure (Ali et al., 

2022; Zafar et al., 2022). In this regard, seaweed extracts applied as organic biostimulants have been extensively documented 

to improve crop productivity, quality, and nutrient acquisition by accelerating the plant's metabolic functions and boosting 

photosynthetic performance (Layek et al., 2018). When seaweed is applied via foliar spray to plants under drought stress, 

these bioactive molecules and osmotic regulators protect the intracellular water balance, support leaf growth, and stimulate 

root development (Doğan et al., 2024). While the cytokinin hormones provided by seaweed delay drought-induced leaf 

senescence and prevent chlorophyll degradation, these exogenously supplied growth regulators stimulate the activities of 

antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT), significantly reducing the oxidative damage 

caused by reactive oxygen species (ROS) and MDA levels (Bat et al., 2020; Yılmaz et al., 2022). Furthermore, applications 

of seaweed extracts, particularly when combined in optimal doses with plant growth-promoting rhizobacteria such as 

Azospirillum lipoferum, have been shown to exert highly synergetic effects on enhancing vegetative growth parameters, 

biomass accumulation, and leaf chlorophyll content (Doğan et al., 2025). In this regard, foliar applications of seaweed 

extracts under abiotic stress conditions, such as salinity or water deficit, have been documented to significantly enhance leaf 

water-holding capacity, protect photosynthetic pigments from degradation, and alleviate oxidative damage in woody 

perennial crops like grapevines (Tahmaz et al., 2024). 

These positive effects of growth regulators create a strong synergy when supported by boron (B) and molybdenum (Mo) 

elements applied together with seaweed. Boron is an absolutely essential element for cell wall synthesis, maintaining the 

integrity of the plasma membrane, and the metabolism of indole acetic acid (IAA - auxin), which governs cell division in 

plants (Doğru, 2020). Considering all findings regarding the nutritional status of the plants, seaweed extracts combined with 

B-Mo improved the plant growth parameters and canopy vigor, as evidenced by our morphological observations of enhanced 

leaf greenness, larger leaf lamina, and reduced defoliation under water stress conditions. Since drought stress severely limits 

boron uptake due to water insufficiency in the soil, foliar boron application directly supports the transport and metabolism 

of the seaweed-derived auxin (IAA) hormone within the plant, guaranteeing cell elongation under stress. Molybdenum, on 

the other hand, plays a key role in nitrogen metabolism as a cofactor of the nitrate reductase enzyme, whose activity rapidly 

decreases under water deficit, thereby balancing the plant's nutrient assimilation capacity (Williams et al., 2005). 

In conclusion, this integrated cellular interaction between growth-regulating phytohormone and specific enzyme cofactors 

(B and Mo) keeps the plant's nutrient uptake dynamics active under limited water conditions. The combination of the osmotic 

control ability of the growth regulators contained in seaweed and the effect of boron in increasing the selective permeability 

of the cell membrane has successfully sustained the transport of elements with vital roles in stomatal control and turgor, 

such as potassium (K) and calcium (Ca), to the leaves. 

Abiotic stress factors such as drought cause the rapid accumulation of reactive oxygen species (ROS), such as superoxide 

radicals and hydrogen peroxide, in plants, which triggers lipid peroxidation (MDA increase) that has a destructive effect on 

cell membranes (Pakzad et al., 2019; Jamshidi Goharrizi et al., 2024). Applied seaweed extracts promote the production of 

antioxidants in plant cells through their bioactive components, thereby developing tolerance against stress (Zafar et al., 

2022). In particular, foliarly supplied seaweed significantly stimulates the activities of antioxidant defense enzymes that play 

a key role in the plant's defense system, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) (Bat 

et al., 2020; Yılmaz et al., 2022; Mirabi et al., 2024). By stimulating these enzymes, reactive oxygen species are effectively 

scavenged, lipid peroxidation and ion leakage are prevented, and cell membrane stability is preserved (Bastam et al., 2013). 

Furthermore, exogenous boron applications have been demonstrated to reinforce the cellular tolerance of pistachio (Pistacia 

vera) leaves by significantly enhancing the activities of key antioxidative enzymes—such as superoxide dismutase (SOD), 

catalase (CAT), and peroxidase (POD)—while reducing lipid peroxidation and electrolyte leakage under saline or osmotic 

stress conditions (Tavallali et al., 2018). Therefore, the preservation of membrane integrity promoted by seaweed in pistachio 

leaves exposed to drought stress directly contributes to maintaining the functionality of ion channels and the continuity of 

the uptake of nutrients such as potassium (K) and calcium (Ca) into the plant structure (Doğru, 2020; Torun et al., 2021) 

Highlights and Limitations of the Present Study 

Highlights: This study provides a 2-year field evaluation of combined biostimulant and micro-element applications under 

real drought conditions, demonstrating significant restoration of K, Ca, and Fe uptake in pistachio leaves. 

Limitations: The experiment was limited to a single commercial variety ('Siirt') grafted on buttum ('P. khinjuk') rootstock. 

Additionally, individual applications of seaweed or B-Mo alone were not evaluated in separate treatment blocks, and leaf 

internal B and Mo concentrations were not directly quantified. 
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CO NCLUSI O N  

In conclusion, two-year field trial data indicate that foliar applications of combined seaweed extract and boron-molybdenum 

effectively alleviate the nutritional constraints induced by drought stress in pistachio trees. The combined treatment 

significantly boosted potassium (K), calcium (Ca), nitrogen (N), and iron (Fe) accumulations in leaves, which are critical 

for stomatal regulation, cell wall integrity, and photosynthetic continuity. These findings demonstrate that organic 

biostimulant regimes supplemented with key micronutrients offer a sustainable and practical agronomic tool for growers in 

arid and semi-arid regions. Future research should explore multi-location trials across different rootstock-scion combinations 

and analyze the underlying molecular transcriptomics of stress-responsive metabolic pathways. 
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