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Drought is one of the abiotic stresses that can reduce crop yields. It has a major impact on crop yield 
reduction. For crops under stress, organic modifiers such as biochar can be useful. Guar (Cyamopsis 
tetragonoloba L.), an annual legume from the Fabaceae Family, is highly adaptable to arid and 
semi-arid regions, with many applications in various industries. Field experiments were carried out 
in a randomized complete block design with three replications using a split-split plots arrangement. 
The aim was to evaluate the influence of irrigation levels (Ir1 = 10, Ir2 = 14, and Ir3 = 17 days 
irrigation cycle) and biochar (B1 = 0, B2 = 5, and B3 = 10 tons ha−1) application on physiological traits 
[(chlorophyll a and b, chlorophyll index (SPAD), relative leaf water content (RWC), electrolyte leakage 
(EL), canopy temperature, leaf area, water use efficiency (WUE)], morphological parameters (length 
and diameter of the stem, pod length, fresh weight of root and plant, root length), yield components 
(seed yield, number of branch plant−1, number of clusters plant−1, pod plant−1, seed pod−1, seed 
plant−1, 1000-seed weight, and gum contents), and leaf nutrient uptake (Ca, Mg, P, Na, and K) of two 
commercial and local cultivars (cv1 = RGC-936 and cv2 = Saravan) of the guar plant. It was observed 
that the Ir3 irrigation treatment produced the highest seed yield (1921.8 kg ha−1) in terms of water 
stress. However, the maximum pod plant−1 (75.5), seed plant−1 (454.2), seed yield (1871.1 kg ha−1), 
leaf area (861.8 mm2), SPAD (92.2), Mg (49.8 mg g−1), Na (43.3 mg g−1) and P (0.49 mg g−1) were 
observed in RGC-936. The results also revealed that biochar was more effective than cultivars in 
terms of morphological traits. While yield and yield components were affected by cultivar, irrigation 
at different levels also had a significant effect on functional traits, physiology, and morphology. The 
addition of biochar appeared to have a positive effect on water stress alleviation and guar growth and 
leaf nutrient uptake. According to Pearson’s correlation analysis, plant weight and length, root weight 
and length, stem diameter, seed pod−1, branches plant−1, and 1000-seed weight are moderately 
correlated with seed yield, while pod plant−1 and seed plant−1 are strongly associated with seed yield. 
On the other hand, the pod length, branches plant−1, and gum content showed a positive but not 
significant relationship.
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Drought is a common environmental stress that limits production in the agricultural sector worldwide1. 
Due to various droughts, reduction in atmospheric precipitation, excessive use of groundwater, and increase 
in water consumption, optimal irrigation management is necessary in this sector2. To achieve this, low water 
demand plants such as medicinal-industrial crops with a short growing season and low-water demand should 
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be identified and replaced by industrial medicinal plants adapted to the climate of the region. In addition, 
agricultural practices should be implemented to maximize the use of available resources, especially soil and 
water3–5. The presence of extensive root systems in medicinal plants indicates their adaptability to reduced access 
to water and nutrients6. Planting these plants can be effective in increasing the productivity of water and soil 
resources due to their low water requirements, high potential for drought tolerance, and ability to produce in 
marginal and low-yielding lands while meeting the economic needs of villagers and various pharmaceutical and 
food industries7.

Arid regions have a shortage of vegetation, which results in soil that lacks organic matter. Organic matter 
is important for soil fertility, improving soil physical and chemical properties, and increasing crop yields, 
particularly in hot regions. Several studies8–10 have confirmed this. Biochar is a solution for reducing carbon 
dioxide emissions and a rich source of carbon. It is made by pyrolyzing plant residues in an oxygen-deficient or 
oxygen-free environment11. Biochar can remain in soil for hundreds or even thousands of years, depending on 
how it was created. Biochar offers several benefits, including reducing the volume of waste materials, producing 
energy12, increasing the nutritional value of residues, and increasing the cation exchange capacity of soil13.

Guar (Cyamopsis tetragonoloba L.) is a legume that grows during the summer season. It is highly tolerant 
to drought and can adapt well to poor soil conditions. Guar requires ample sunlight and low relative humidity 
during the growing season, but needs only a little surface water14–16. Guar gum, a derivative of Guar, has a wide 
range of applications in industries such as processed foods, oil and gas drilling, mining, and paper manufacturing. 
Guar gum is used as a thickening and stabilizing agent in processed foods15,17–19. Additionally, tender green guar 
is a significant food source in southeastern Iran20. The performance of guar is influenced by various factors such 
as water stress, soil fertility, crop variety, climate, and plant protection. These factors play an important role in 
enhancing its potential under specific agro-climatic conditions21,22.

Numerous studies have focused on the use of biochar in crops under drought stress, including Solanum 
lycopersicum23, Zea mays24, Cicer arietinum25, Triticum aestivum26, Abelmoschus esculentus27, Glycine max28, 
Laptochloa fusca29, and Gossypium arboreum, and Oryza sativa30. However, studies on how biochar, as a low-
quality soil modifier, affects guar under drought stress, particularly between native and commercial varieties, are 
limited. Prior research has evaluated the effects of bio-fertilizers (mycorrhiza and rhizobium) on morphological 
and yield traits of guar under drought stress conditions31. Additionally, studies have examined the growth of 
guar genotypes under different irrigation regimes and biogenic silica supplementation in the arid southwest of 
the USA22, and the use of ascorbic acid and calcium carbonate to mitigate the effects of drought stress on guar32.

Previous research on guar has mostly focused on the planting date of its different genotypes or different 
irrigation regimes. However, in arid and semi-arid areas where water scarcity and low soil quality are common 
problems, studying the impact of soil modifiers under drought stress could improve the crop’s performance. 
Considering the hot and dry weather conditions in Yazd province, particularly in Ardakan city, and the need for 
cultivating low water-demanding and industrial medicinal plants, we chose to examine the effects of drought 
stress and biochar as a soil amendment on physiological and morphological traits, yield components, and leaf 
nutrient uptake of two local and commercial cultivars.

Materials and methods
Field experiment
This research was conducted in July, 2021 in the research farm of Ardakan University, Yazd Province, Iran 
(22°20’N, 53°48’E; 1035 m above sea level) with an average annual rainfall of 65 mm, average annual temperature 
of 19 °C, an absolute maximum and minimum temperature 47 and − 14 °C respectively, a maximum daily 
rainfall 28.5 mm and an average relative humidity of 34% (Fig. 1) in the form of a split split-plot arrangement 
in a randomized complete block design with three replications. Two commercial and local cultivars RGC-936 
(cv1) and Saravan (cv2) were supplied by the Research Institute of Medicinal and Industrial Plants, Ardakan 
University, Yazd. The seeds are sown in mid-July after plowing, disking, bed preparation, and mixing different 
levels of biochar (made from walnut and almond shells) with surface soil (0 to 10 cm) in plots of 12 m2 (length 
× width, 3 × 4 m). To make biochar, the hard shell of walnut and almond is first washed well with water and 
dried at room temperature for 48 h, then placed in an oven at 105 °C for 24 h to remove the remaining moisture. 
The almonds are then ground and standard sieves are used to separate particles between 0.5 and 1 mm, then 
was placed in an electric furnace under inert nitrogen gas and the temperature of the furnace was increased 
at a rate of 10 °C/min to 400 °C to prepare biochar. Then, it was kept at 400 °C for 120 min to pyrolysis the 
residue well. Then, nitrogen gas was applied to bring the furnace temperature to the ambient temperature33. 
Three irrigation treatments were applied: 10 (Ir1), 14 (Ir2), and 17 (Ir3) days irrigation cycle. Three levels of 
biochar 0 (B1), 5 (B2), and 10 (B3) t ha−1 were also used. Irrigation treatments were carried out in the main plot 
and guar cultivars were in the sub-plot the biochar was determined to the sub-sub plot. No other fertilizer was 
applied to the soil during the planting process, as rotten animal manure was applied to the soil before planting. 
However, 60 kg ha−1 of nitrate was applied as ammonium nitrate (NH4NO3) after the fourth and eighth leaf 
emergence, as a lack of nodule formation can appear while growing. Soil samples were taken from a depth of 0 
to 40 cm to determine the weight moisture content of the field capacity and permanent wilting to be 27.3 and 
9% respectively using a pressure plate in the laboratory. Irrigation water was applied by the flooding method to 
simulate farming practices in the study area. Irrigation treatments were applied in September at the same time 
as the third irrigation and after full plant establishment, when the plants reached the four or five leaf stage. As 
shown in Fig. 1, the rainfall during the growing season of guar in the study area during the summer season was 
only 1 mm, which could be ignored to consider the effective rainfall when estimating the water requirements of 
the plant. Soil samples and soil moisture measurements were taken before each irrigation. The depth of water 
that should have been applied to each plot, was the difference between the soil moisture and the previously 
measured field capacity moisture.
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The amount of water required for irrigation of each plot was determined using Eq. (1), which estimates the amount 
of water required to compensate for the lack of soil moisture ( θ soil) up to the capacity of the field ( θ FC):

	 Irrigation Depth = (θ FC − θ soil)× Rd� (1)

Where Rd is the root depth. Finally, the irrigation requirement for each plot was calculated as follows:

	 Irrigation Volume = Depth of irrigation× Plot area× Number of irrigation + Effective rainfall� (2)

At the beginning of each plot there was a volume meter, which was used to water the plots. The average amount 
of water used for the 10-day (5 irrigations during the growing season), 14-day (4 irrigations), and 17-day (4 
irrigations) cycles was calculated to be 171, 135, and 109 L m−2, respectively. Table 1 shows some of the physical 
and chemical characteristics of the soil and biochar.

Yield components, physiological and morphological characteristics
When most pods are brown (Gresta et al., 2018), the guar plant is considered mature. Harvesting was carried 
out at 80% of maturity (late October to early November) in different cultivars. Data for various parameters 
were collected from 10 randomly selected plants from each plot, taking into account the deletion of data from 
the border region. Subsequently, guar plants were carefully uprooted by hand to record physiological and 
morphological characteristics, yield components, and leaf nutrient uptake. Accordingly, the number of branch 
plant−1, number of clusters plant−1, pod plant−1, seed pod−1,1000-seed weight, canopy temperature, leaf surface, 
length and diameter stem, pod length, fresh weight of root and plant, root length and gum contents was also 
measured. The temperature of the canopy was measured with an infrared thermometer (model INFRARED 
DT-8550) at a specific time (11 A.M.) facing the green cover. Sabahelkheir et al.,34 method was used for gum 
separation. At the end of the period, the reading of the Soil Plant Analysis Development (SPAD) was done in the 
leaves; Chlorophyll a and b were measured by Arnon35; relative leaf water content (RWC) was checked by Ritchie 

(A) Physical characteristics

Texture CaCO3
(%)

Clay
(%)

Silt
(%)

Sand
(%)

Bulk density
(g cm-3)

Loam 20.4 17 36 47 1.49

(B) Chemical characteristics

EC pH C N P K HCO3
- Cl- Ca2+ Mg2+ Na+

(dS m-1) (%) (%) (mg l-1)  ( meq l-1)

5.7 7.7 0.98 0.085 69.7 891 3.9 809.1 88.7 136.0 726.6 Soil

1.35 8.5 52.2 - 40.5 425.5 - - 1.6 1.1 - Biochar

Table 1.  Physical and chemical characteristics of the experimental field soil and biochar.

 

Figure 1.  Seasonal changes of temperature and precipitation parameters in the study area (Ardakan, Iran).
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et al., (1990); electrolyte leakage (EL) was also done by applying the method developed by Blum and Ebercon36. 
Water use efficiency (WUE) for irrigation, was calculated as follows:

	
WUE =

Yield of the guar (kg ha − 1)

Water applied (mm) + Effective rainfall (mm)
� (3)

Whereas, water applied= [(No. of irrigation× depth of irrigation)] + Effective rainfall (mm).

Leaf nutrient uptake
Several fully developed leaves from each treatment and replicate were selected to measure leaf mineral content. 
Leaf samples were washed with distilled water, oven dried at 70 °C for 48 h, ashed and digested in 1 M HCl. 
Samples were then ready for measurement37. Flame photometry38 was used to determine the phosphorus (P) 
concentrations of the samples. The titration method38 was also used to determine Sodium (Na), Potassium (K), 
Calcium (Ca), and Magnesium (Mg).

Data analysis
We conducted a 3-way ANOVA to test for significant differences between the means of the applied treatments. 
Afterwards, we performed a post hoc Duncan’s test at the 5% probability level in the SPSS package version 
23.0 for Windows. The field experiments were carried out using a split split-plots arrangement in randomized 
complete block design with three replications. Irrigation treatments were applied in the main plot and guar 
cultivars were in the sub-plot. The biochar was determined in the sub-sub plot. Additionally, we used Pearson’s 
correlation analysis and principal component analysis (PCA) with varimax rotation and Kaiser normalization to 
determine the relationship between the characteristics.

Results and discussion
Supplementary Tables 1 and 2 exhibit the results of the analysis of variance (ANOVA) conducted on the impact of 
various experimental treatments on the yield and yield components, physiological and morphological traits in two 
guar cultivars. The ANOVA revealed that some of the traits of the both cultivars such as plant height, root length, plant 
weight, root weight, stem diameter, number of branches plant−1, number of pod plant−1, number of seed pod−1, number 
of clusters plant−1, seed plant−1, 1000-seed weight, seed yield, gum contents, RWC, EL, SPAD, canopy temperature, 
leaf surface, and chlorophyll a content were significantly (p < 0.05) affected by the experimental factors and/or their 
two-way interactions. However, no significant (p ˃ 0.05) changes were observed for pod length and chlorophyll b 
value of guar cultivars upon the employed treatments. Furthermore, the three-way interaction between guar cultivars, 
irrigation treatment, and biochar amendment did not have a significant impact on any of the traits tested. Tables 2, 3, 
4 and 5 show simple means for the measured characteristics that were statistically significant (p < 0.05), while Tables 6 
and 7, and Fig. 2 explain the interaction means of the significant (p < 0.05) characteristics.

Simple effect of irrigation treatments
The ANOVA results showed that irrigation treatments had a significant impact on the yield and yield components 
of guar cultivars. Seed yield, the number of branches plant−1, the number of pods plant−1, and the number of 
seeds plant−1 were all affected by the irrigation treatments (Table 2). All traits, except gum content, 1000-seed 
weight, and branches plant−1, were highest in the Ir3 treatment, which had a 17-day irrigation cycle. Alexander 
et al.39 also reported that guar requires relatively little water to grow. Gum content did not differ significantly 
between the control and the 14-day irrigation cycle treatment, but the 17-day irrigation cycle resulted in a 24% 
decrease in gum percentage compared to the control. The 10-day irrigation treatment produced the highest gum 
content at 33.4%, which is an important metric for the use of guar seed in various industries40. The percentage of 
guar gum was only affected by the irrigation treatment (Supplementary Table 1).

There was no significant difference between the different treatments in terms of cluster plant−1, pod length, 
root length, and chlorophyll b content. Drought and salinity are major abiotic stresses that negatively impact 
crop yield according to the various studies 5,41–43. Guar, being drought-tolerant, is capable of recovering and 
maintaining adequate seed yield and dry matter under stress. As a result, the best result for yield traits was 
obtained in the irrigation treatment Ir3, which included seed yield, pod plant−1, seed pod−1, and seed plant−1. 
In terms of morphological characteristics such as stem diameter, root weight, plant weight, and plant height, the 
guar plant was subjected to water stress, and the highest values were obtained in plants irrigated by treatment Ir1 
(Table 3). This indicates that the guar plant alters its morphological characteristics to cope with drought stress 
and produce more energy to improve functional traits and seed production.

Irrigation Gum content (%)
Seed yield
(kg ha−1)

1000-seed weight
(g)

Branches plant−1

(No.)
Pod plant−1

(No.)
Seed pot−1

(No.)
Seed plant−1

(No.)

Ir1 33.4a ± 1.5 1758.5b ± 12 49.3a ± 2.1 4.9a ± 0.8 66.3b ± 2.4 5.3b ± 0.1 356.7c ± 8.9

Ir2 31.2a ± 1.2 1675.0c ± 15 42.6b ± 1.8 3.7ab ± 0.5 63.9b ± 2.1 6.0a ± 0.4 393.2b ± 11.4

Ir3 25.3b ± 1.1 1921.8a ± 23 43.1b ± 1.3 3.0b ± 0.2 70.9a ± 1.5 6.2a ± 0.6 445.9a ± 12.7

Table 2.  Mean comparison of single effect of irrigation treatment on yield and yield components of guar. Each 
mean values followed by the same letters are not significantly different for p ≤ 0.05 according to the Duncan’s 
test. Data are means ± standard error of three replicates.
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Table 3 demonstrates significant findings on how different irrigation levels affected the physiological 
properties of guar cultivars. Plants irrigated with Ir1 treatment had the maximum electrolyte leakage (EL) index, 
water use efficiency (WUE), and temperature (by 39%, 60%, and 11%, respectively) compared to those irrigated 
with Ir3. The results also showed that EL increased as the irrigation cycle increased, with the highest level of water 
stress. The stress-induced EL is usually accompanied by accumulation of reactive oxygen species (ROS) such as 
hydroxyl radicals, hydrogen peroxide, and superoxide radicals under stressful conditions. These compounds 
cause damage to the cell membrane and lead to the leakage of cell electrolytes, as explained in previous studies 
by Hernández et al.44 and Soltani-Gerdefaramarzi et al.5.

Water use efficiency (WUE) increases significantly with decreasing water consumption compared to the control, 
up to a 17-day irrigation cycle. When plants experience drought stress, they rely on the water stored in the soil, which 
not only reduces water consumption but also leads to an increase in water efficiency. Tabatabaei et al.45 demonstrated 
that deficit irrigation has a significant positive effect on WUE. As the amount of irrigation water decreases, the relative 
leaf water content (RWC) also decreases (Table 3). These findings are consistent with previous studies by Akhtar et 
al.23, Demir and Sahin46, and Soltani-Gerdefaramarzi et al.2, which showed that increased water stress can reduce leaf 
RWC by decreasing plant cell and tissue water uptake. When water stress is severe, it can severely damage the cell 
membrane, reducing the cell’s ability to control cell membrane entry and exit23.

According to Table 3, there was no significant difference in the amount of SPAD between the control treatment 
and the 17-day irrigation period. However, the 14-day irrigation period resulted in an increase in this parameter 
compared to the control. This increase suggests that the chlorophyll pigments in guar are somewhat resistant to 
moisture stress, as mentioned by Schütz and Fangmeier47. The findings presented in Table 3 indicate that the 14-day 
irrigation period decreased the content of chlorophyll a compared to the control, although there was no significant 
difference between the control treatment and the 17-day irrigation period. This result aligns with the findings of 
previous studies2,48,49. The decrease of chlorophyll a under moisture stress conditions is a clear indication of photo-
oxidation of pigments and chlorophyll degradation50. Moreover, the mean comparison results showed that the 
temperature of the canopy increases with an increase in irrigation frequency (Table 3). This aligns with the findings of 
previous research conducted on barley51 and pot marigolds52, which showed that leaf temperature increased with the 
increase in irrigation frequency. Bahador et al.53 also found that drought stress increased the vegetative temperature 
in cannabis plants. When soil water potential decreases under drought stress, responses such as increased stomatal 
resistance, decreased stomatal conductance, and even complete stomatal closure to prevent transpiration occur. This 
closure of stomata and reduction of transpiration leads to increased leaf temperature54.

According to our findings, using reduced irrigation can significantly decrease the size of leaves. This reduction 
is due to the sensitivity of cell behavior to water deficit, as stated by2. This response may be caused by a signal 

Irrigation Biochar Chlorophyll a (mg g−1)
K
(mg g−1)

Na
(mg g−1) SPAD Root weight (g)

Plant weight
(g)

Plant height
(cm)

Clusters
plant−1

(No.)

Ir1

B1 1.0bc ± 0.16 14.1g ± 1.7 17.8f ± 1.0 80.5d ± 1.3 4.0ab ± 0.6 66.2bc ± 4.0 51.5cd ± 3.9 13.7ab ± 2.3

B2 1.2bc ± 0.13 17.8g ± 1.9 29.3e ± 1.2 82.1d ± 1.2 3.1bc ± 0.5 60.0cd ± 2.4 57.5bc ± 3.1 12.7ab ± 1.9

B3 1.3ab ± 0.17 24.0f ± 1.7 39.6d ± 1.4 88.2c ± 1.7 3.3bc ± 0.5 75.6b ± 3.1 62.5ab ± 3.3 14.7ab ± 2.4

Ir2

B1 1.7a ± 0.31 27.6f ± 2.2 40.4d ± 1.5 95.2ab ± 1.5 2.2c ± 0.6 46.0de ± 5.6 50.3cd ± 3.5 12.8ab ± 2.2

B2 1.1bc ± 0.11 36.5e ± 1.5 50.9b ± 2.3 97.8b ± 1.8 2.8bc ± 0.4 56.8cd ± 5.9 53.3cd ± 2.8 11.0ab ± 2.6

B3 1.7a ± 0.32 43.2d ± 1.9 60.6a ± 2.8 102.4a ± 2.3 5.1a ± 0.7 118.8a ± 7.3 67.8a ± 3.5 16.5a ± 2.5

Ir3

B1 1.2bc ± 0.15 52.5c ± 2.4 36.7d ± 2.6 79.3d ± 1.8 2.1c ± 0.2 37.0f ± 2.5 44.4d ± 2.3 12.6ab ± 2.5

B2 0.9bc ± 0.14 68.0b ± 3.2 40.1d ± 1.5 87.8c ± 1.9 2.6bc ± 0.4 44.3de ± 3.7 46.5d ± 3.1 12.8ab ± 2.4

B3 0.8c ± 0.11 81.4a ± 3.7 46.1c ± 1.8 94.9b ± 2.5 3.1bc ± 0.4 53.0cde ± 6.4 48.7cd ± 2.7 9.3b ± 3.3

Table 7.  Mean comparisons of interaction effects of irrigation levels and biochar on some measured traits. 
Each mean values followed by the same letters are not significantly different for p ≤ 0.05 according to the 
Duncan’s test. Data are means ± standard error of three replicates.

 

Cultivar Irrigation
K
(mg g−1) SPAD Branches plant−1 (No.)

Pod
plant−1 (No.) clusters plant−1 (No.)

1000-seed weight
(g)

RGC-936

Ir1 17.5e ± 0.2 85.4cd ± 2.4 0.0c ± 0.0 74.0b ± 1.1 13.9a ± 0.6 49.7ab ± 1.4

Ir2 34.1d ± 0.5 101.4a ± 2.1 0.0c ± 0.0 74.6b ± 1.7 14.4a ± 1.2 39.1c ± 1.0

Ir3 63.6b ± 1.1 89.9c ± 1.8 0.0c ± 0.0 78.0a ± 1.3 9.6a ± 0.5 34.7d ± 1.1

Saravan

Ir1 20.0e ± 0.2 82.2d ± 1.7 9.8a ± 0.2 58.6c ± 1.9 13.4a ± 0.7 48.9ab ± 1.3

Ir2 37.4c ± 0.7 95.5b ± 1.8 7.4b ± 0.2 53.3d ± 1.4 12.3a ± 0.4 46.2b ± 1.1

Ir3 71.0a ± 1.3 84.8d ± 1.1 6.0b ± 0.1 63.8c ± 2.1 13.7a ± 1.1 51.5a ± 2.8

Table 6.  Mean comparisons of interaction effects of guar cultivars and irrigation levels on some measured 
traits. Each mean values followed by the same letters are not significantly different for p ≤ 0.05 according to the 
Duncan’s test. Data are means ± standard error of three replicates.
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transmitted from the roots to the shoots, instructing them to limit leaf growth and ultimately close leaf stomata, 
as explained by Tabatabaei et al.45.

As indicated in Table 3, different levels of irrigation treatments had significant impact on the nutrient 
concentrations of the leaves. The highest levels of Na and P in the leaves were observed when the plants were 
irrigated using a 14-day irrigation cycle. The concentration of Ca and K in the leaves increased (by 44% and 261%, 
respectively) with an increase in the irrigation cycle, while the concentration of Mg decreased. This increase in 
K concentration is believed to occur due to the role of this element in osmotic regulation and stomatal control55 
as a response to increasing stress.

Simple effect of cultivar types
Based on the findings in Table 4, the different cultivars had a significant impact on almost all yield traits except for 
the cluster plant−1, seed pod−1, and gum content. The Saravan cultivar showed the highest plant weight (67.9 gr), 
1000-seed weight (48.9 gr), Ca (15.9 mg g−1), K (42.7 mg g−1), and branches plant−1 (7.7), while RGC-936 did not 
have any branches plant−1 (0.0). On the other hand, RGC-936 had the highest pod plant−1 (75.5), seed plant−1 (454.2), 
seed yield (1871.1 kgha−1), SPAD (92.2), leaf area (861.8 mm2), Mg (49.8 mg g−1), Na (43.3 mg g−1), and P (0.49 mg 
g−1) (Table 4). Although the weight of 1000-seeds is mainly influenced by the amount of photosynthetic material, the 
number of seeds, and the capacity of each seed, it’s important to note that the genotype and weather conditions during 
the plant’s growth period also have an effect. It’s worth mentioning that the cultivar did not significantly affect the 
physiological and morphological characteristics, except in a few cases like SPAD, leaf area, and plant weight. Based on 
Duncan’s test, there was no significant difference at the 5% level between the mean values of SPAD and plant weight 
in two different cultivars. However, leaf area showed a significant difference of about 11% in the RGC-936 among the 
morphological traits. Comparison of the mean simple effects of the type of cultivar revealed no significant difference 
in the concentration of Mg, K, and Na elements between the two cultivars. On the other hand, the concentration of 
Ca was 28.46% higher in the RGC-936 compared to the Saravan type, while the opposite was observed in the case 
of P, with a 14% difference. In a study conducted in Iranshahr, Iran, significant differences were detected among the 
tested genotypes, with Saravan and RGC-936 genotypes producing 1167.9 and 2101ton ha−1, respectively, in terms 
of seed yield. Other studies also noted significant variation in seed yield between different genotypes. Singla et al.4 
observed genotypic variation for seeds plant−1 and seed pod−1, while Gresta et al.14, Kalyani56, and Punia et al.57 
reported significant differences in seed yield. High levels of genetic adaptability and seed production potential were 

Figure 2.  Mean comparisons of interaction effects of guar cultivars and biochar on SPAD and root weight.  
(Each mean values followed by the same letters are not significantly different for P ≤ 0.05 according to the 
Duncan’s test).
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also observed in RGC-936. Therefore, it could be recommended as a promising cultivar for use in various breeding 
programs to improve local stocks.

Simple effect of biochar
The significant impact of biochar on various plant traits, including SPAD, EL, plant height and root length, plant 
and root weight, leaf area, and absorption of all measured nutrients in the leaves, was revealed by the results of 
the mean comparison of the main effects of biochar (Table 5). The highest amount of these traits and the highest 
element uptake in guar were found at the highest level of biochar (10 ton ha−1), while the lowest was observed in 
the control treatment (no biochar application), indicating the positive impact of biochar on these morphology and 
physiology characteristics. Similarly, applying biochar to silty clay soils enhanced tomato growth. The increase 
in water-holding capacity due to biochar application is a key factor in improving various growth parameters and 
yield under drought conditions 58. The increase in biochar in the soil also increased leaf area, which is a crucial 
factor for the reception of solar radiation, water, and energy exchange in the plant59. Consequently, this increases 
the level of photosynthesis60. Biochar can improve soil fertility and cation exchange capacity which results in 
better root development, increased nutrient retention, and growth of plants61. In addition, the use of biochar can 
be even more beneficial for plant growth in low-quality soils62. Once biochar is introduced into the soil, it can 
change the form of nitrogen in the short term, allowing for increased availability of nitrogen in the soil. This is 
achieved through mineralization of resistant organic matter in the soil and immobilization of organic nitrogen63. 
According to Korai et al.64, the application of biochar to soil can increase the total soil carbon from 2.27 to 
2.78%, total nitrogen from 0.24 to 0.25%, and available phosphorus from 15.7 to 15.8 mg kg−1. Furthermore, the 
extractable amounts of calcium, potassium, magnesium, and sodium can increase from 60 to 670%. It’s worth 
noting that the use of biochar had a greater impact on the morphological traits, while cultivar types had more 
influence on functional traits. However, none of the yield and yield components were statistically affected by 
biochar. Ghorbani et al.31 also found that mycorrhiza and rhizobium biofertilizers did not significantly affect the 
yield traits of guar under drought stress conditions. Mannan et al.28 also reported similar results regarding the 
use of biochar under water stress conditions in soybean. The schematic model of the potential impacts of biochar 
amendment on plant performance under drought stress is illustrated in Fig. 365–68.

Interaction effect of irrigation treatments, cultivars, and biochar
According to the ANOVA results, the combined effect of irrigation levels and cultivar was significant on several 
plant factors, including branches plant−1, clusters plant−1, pods plant−1, seeds plant−1, 1000-seed weight, SPAD, 
and concentration of potassium. Table 6 indicates that when plants with the Saravan cultivar were treated with 
the Ir3 treatment, they showed the highest 1000-seed weight (51.5 gr), clusters per plant (13.9), and potassium 
uptake (71.0 mg g−1). The branch plant−1 of the samples treated by Ir1 and Saravan cultivar was 9.8. The results 
also suggested that the highest number of clusters plant−1 (14.4) and number of pods plant−1 (78.0) were found 
when plants of the RGC-936 cultivar were irrigated with treatments Ir2 and Ir3, respectively. Furthermore, the 
combined effect of irrigation treatment and biochar levels was significant on the weight of roots and plants, plant 
height, clusters plant−1, chlorophyll a content, SPAD, and concentrations of K+ and Na+.

Drought stress reduces the growth of seedlings, the transpiration of crops, stomatal conductance, leaf water 
potential, and root activities. All of these factors affect both the vegetative and reproductive yield as well as the harvest 
index41,69. In our current study, we observed that increasing drought intensity had a negative impact on the growth 
and productivity of guar cultivars (RGC-936 and Saravan). We found that the morpho-physiological parameters 
and yield components of guar plants significantly decreased with increasing drought stress. Similar findings have 
been reported in many previous studies involving environmental stress exposure and cultivation practices in guar 
plants41,70,71. The decline in growth under longer drought duration was likely due to direct water limitation, which 
inhibited cell expansion and division72–74. There have been several studies that have looked into the benefits of adding 
biochar to soils, especially for plants under drought stress conditions. For instance, the addition of biochar has led 
to increased dry weight in Quercus castaneifolia by improving soil parameters and leaf photosynthesis74. Similarly, 
biochar has been found to improve the leaf photosynthetic rate and stomatal conductance in soybean75. Biochar is a 
soil amendment made through high-temperature pyrolysis of straw, which can enhance soil structure and increase 
soil carbon sequestration. This process can significantly improve nitrogen use efficiency, reduce warming potential, 
emission intensity in agricultural processes, and ultimately lead to increased crop yields76.

The findings of experiment reveal that the Ir2B3 treatment resulted in the highest chlorophyll a content (1.7 
mg g−1), Na+ value (60.6 mg g−1), SPAD index (102.4), root weight (5.1 g), plant weight (118.8 g), plant height 
(67.8 cm), and number of clusters plant−1 (16.5). Moreover, the highest concentration of K+ in leaves (81.4 mg 
g−1) was observed in samples that were treated with 10 ton ha−1 of biochar and an irrigation cycle of 17 days, 
in the Ir3B3 treatment (Table 7). When comparing the average effects of guar cultivars and biochar (Fig. 2), it 
was observed that in B3 levels, cultivar types did not significantly affect root weight, which was highest in cv2B3 
treatments (3.9 g). Similarly, the highest and lowest SPAD values were observed in cv1B3 (98.8) and cv2B1 (83.8) 
treatments, respectively. However, no significant differences were observed in various other characteristics of the 
tested samples due to other interaction treatments.

Multivariate statistical analysis
The findings of Pearson correlation analysis on various traits of different guar cultivars under different irrigation 
and biochar levels have been summarized in Table 8. The analysis suggests that plant weight (r = 0.288), plant length 
(r = 0.413), root weight (r = 0.357), root length (r = 0.463), stem diameter (r = 0.359), seed pod−1 (r = 0.487), branches 
plant−1 (r = 0.658), and 1000-seed weight (r = 0.600) have a moderate correlation with seed yield. On the other hand, 
pod plant−1 (r = 0.830) and seed plant−1 (r = 0.840) have a strong correlation with seed yield. However, pod length, 
branches plant−1, and gum content have shown a positive but not significant relationship with seed yield. Moreover, 
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the analysis has also revealed that 1000-seed weight has a positive association with the number of branches (r = 0.356), 
the number of clusters (r = 0.311), and seed yield (r = 0.600). This implies that increasing seed weight will inevitably 
lead to an increase in seed yield. The results mentioned above are consistent with previous studies on cluster beans. 
Girish et al. 77 found that the number of clusters and pods per plant, as well as the weight of 100 seeds, were all similar. 
Rakesh et al.78 reported that the number of seeds pod−1 was correlated with EL, canopy temperature, SPAD, and leaf 
RWC. Meftahizadeh et al.20 found that plant height, branches plant−1, pods plant−1, and seeds plant−1 were all similar 
to those found in guar. Chlorophyll b content is positively and moderately correlated with chlorophyll a (r = 0.630), 
and EL is positively correlated with seeds in pods (r = 0.520), canopy temperature (r = 0.613), SPAD (r = 0.640), 
and leaf RWC (r = 0.608). The length of the pod is positively but weakly correlated with the number of seeds pod−1 
(r = 0.290), plant weight (r = 0.291), root weight (r = 0.331), and root length (r = 0.322). Although gum content is not 
significantly correlated with seed yield, 1000-seed weight, and the number of seeds plant−1, it is positively associated 
with morphological and physiological traits such as plant and root weight, plant length, stem diameter, canopy 
temperature, RWC, and EL. It should be noted, however, that increasing seed yield does not increase the percentage of 
gum, which contradicts the findings of Meftahizadeh et al.43 and Gresta et al.79.

According to Meftahizadeh and Asareh40, the quality of crops can be influenced by the temperature during 
planting and ecological conditions of different cultivars. They found a strong correlation between various traits, such 
as the percentage of gum, seed yield, pod plant−1, 1000-seed weight, and clusters plant−1. These traits were used as 
independent variables in a stepwise multiple linear regression model with seed yield as the dependent variable (Table 
9). The model revealed that all coefficients were statistically significant, except for pod plant−1 and cluster plant−1. 
To obtain the correct coefficients, these two variables were removed from the model, and the regression model was 
repeated. The model provided by this regression fitting was found as Eq. 1, which explained 94.1% of the variation in 
seed yield. Therefore, selecting genotypes based on these two traits can help improve crop yield.

	 Seed yield = −1995.83 + 4.57× (seed plant−1) + 44.42× (1000− seed weight), R = 0.971� (4)

Figure 3.  Schematic representation of possible impacts of biochar application on growth and metabolism 
of plants under drought stress. Drought stress disturbs the gas exchange characteristics, transpiration rate, 
stomata density, chlorophyll contents, soil microbial activities, soil aeration, and nutrients, thereby leadings to 
a significant reduction in plant productivity. Biochar application increases antioxidant activities, membrane 
stability, photosynthesis, water use efficiency, gas exchange characteristics, water holding capacity, genes 
expression, and osmolytes accumulation and leads to a significant increase in drought tolerance.
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The study found that the number of seeds in the plant has a greater impact on seed yield compared to the 
1000-seed weight. This is based on the fact that the number of seeds in the plant had a higher standardized 
regression coefficient (β = 0.810) than the 1000-seed weight (β = 0.491). This conclusion agrees with the results 
of Meftahizadeh and Asareh40. The regression and correlation results are also consistent with each other. The 
results of the principal component analysis (PCA) after varimax rotation of the data are presented in Table 10; 
Fig. 4. The analysis identified five main components with eigenvalues greater than 1, which explain 74.58% of 
the total variance. PC1 accounted for 21.17% of the system variance with strong positive loading for cluster 
plant−1, seed plant−1, seed pod−1, pod plant−1, and seed yield. PC2 explained 18.78% of the variance and showed 
strong loading for root length, gum content, RWC, EL, canopy temperature, and stem diameter. PC3 accounted 

Figure 4.  Factor distribution plot after varimax rotation for measured traits.

 

Component

1 2 3 4 5

PW 0.148 0.419 0.738 0.332 0.008

PL 0.349 0.575 0.495 0.344 -0.073

CP 0.684 0.289 0.178 0.256 0.241

BP -0.256 0.017 0.455 0.219 0.697

SW 0.292 0.096 0.177 -0.029 0.693

SP 0.952 -0.033 0.172 0.054 -0.124

SY 0.895 0.047 0.175 0.042 0.293

PP 0.954 0.105 0.079 0.063 -0.050

Gum 0.152 0.722 0.158 -0.050 -0.171

RWC -0.051 0.875 0.238 0.183 0.000

EL 0.164 -0.757 0.341 0.095 -0.256

Cla 0.022 0.215 0.178 0.851 -0.091

Clb 0.189 -0.024 -0.153 0.858 0.018

SPAD -0.012 -0.010 0.361 0.207 -0.701

Tem -0.045 -0.790 0.066 -0.202 -0.171

Rw 0.443 0.408 0.613 0.138 0.045

Spod 0.542 -0.387 0.395 -0.006 -0.278

SD 0.300 0.519 0.354 -0.019 0.049

RL 0.422 0.116 0.696 0.042 0.063

PodL 0.079 -0.115 0.645 -0.214 0.049

Table 10.  Rotated component matrix for the PCA loadings of studies traits. PW, plant weight; RW, root weight; 
RL, root length; PL, plant length; CP, cluster plant−1; BP, branch plant−1; PodL, pod length; SD, stem diameter; 
Spod, seed pod; SW, 1000-seed weight; SP, seed plant−1; SY, seed yield; PP, pod plant−1; SPAD, chlorophyll 
index; Tem, canopy temperature; RWC, relative leaf water content; EL, electrolyte leakage; Cl. a, chlorophyll a; 
Cl. b, chlorophyll b; Gum, gum content.
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for 15.36% of the variance with a strong loading for plant and root weight, root length, and pod length. PC4 
explained 10.03% of the variance and showed strong loading for chlorophyll a and b. Finally, PC5 accounted for 
1.84% of the variance with strong loading for branch plant−1, 1000-seed weight, and SPAD.

Conclusions
Guar is a crop that can withstand extreme heat and drought, making it a valuable source of income for farmers 
in regions with limited water resources. It is also used as animal feed, and its leaves and pods are consumed as 
a vegetable in some cultures. Overall, it is an important crop with a wide range of uses and benefits, for both 
industrial and agricultural purposes. In a recent study conducted in an arid region of Iran, the effect of biochar 
as a soil amendment, and low irrigation treatment was investigated on two commercial and local cultivars of 
guar. The study found that a reasonable production of guar seed can be obtained under reduced irrigation 
conditions. On average, the Ir3 irrigation treatment produced the highest guar seed yield (1921.8 kg ha−1). 
Compared to the Ir3 regime, the Ir1 and Ir2 treatments resulted in an 8.5% and 12.8% decrease in guar seed 
yield, respectively. However, as the irrigation cycle lengthened, water use efficiency showed an increasing trend. 
For instance, irrigating for 17 and 14 days increased water use efficiency by 60% and 40%, respectively, compared 
to the control treatment. Among the two cultivars, RGC-936 performed slightly better than Saravan in terms of 
growth and seed yield and yield components. Although, the 1000-seed weight, the plant weight, and the number 
of branches were higher in Saravan. The study results suggest that biochar was more effective than cultivars in 
improving morphological traits, while cultivars had an impact on yield and yield components. The addition 
of biochar could help improve physiological and morphological traits under reduced irrigation conditions, 
thus having a positive effect on water stress alleviation, guar growth, and leaf nutrient uptake. However, the 
three-way interaction between guar cultivars, irrigation treatments, and biochar was not significant for all the 
traits tested. In contrast, the two-way interaction between Ir2×B3 showed the maximum results in the studied 
region. Therefore, adding biochar could improve guar production under reduced irrigation conditions in the 
arid irrigated agriculture of central Iran. It would also help alleviate water stress and have a positive effect on the 
physiology and morphology characteristics of guar, but not on the seed yield characteristics.

Data availability
All the data generated/ analyzed during the study are available with the corresponding author on reasonable 
request.
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