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Abstract

:

High soil salinity, drought, and poor soil fertility, especially phosphorus (P) deficiency, are serious challenges for crop production in arid and desert climate regions. In these regions, irrigation water (mostly groundwater) is saline, and fertilization is one of the strategies used to cope with salinity stress. Crop livestock is one of the major agricultural activities in marginal regions, and blue panicum (Panicum antidotale Retz.), the perennial forage grass, has the potential to furnish forage demand. Thus, a field experiment testing the combination of three levels of irrigation water salinity and three P rate was carried out to evaluate the potential of P fertilizer to enhance yield and salinity tolerance of blue panicum grass. The experiment was conducted for two years between 2019 and 2020 in Foum el Oued, Laayoune, Morocco. It was implemented in a split-plot design with three replications considering irrigation water salinity as the main plot and P rates as sub-plot treatments. The evaluated P rates were 0, 90, and 108 kg P2O5 ha−1 (P1, P2, and P3, respectively), and the irrigation water salinities were 5, 12, and 17 dS·m−1. The results revealed that increasing irrigation water salinity significantly decreased the biomass production and stomatal conductance of blue panicum. Increasing irrigation water salinity from 5 to 12 and 17 dS·m−1 decreased fresh biomass production by 20 and 29%, respectively. Irrigation water salinity also decreased (p < 0.05) leaf N, P, K, Ca, and Zn concentration. However, supplementation of P fertilization enhanced (p < 0.05) biomass production and stomatal conductance mainly by improving leaf OM, Zn, and Fe content. P fertilization at 108 kg P2O5 ha−1 increased fresh biomass by 27%, 32%, and 19% under 5, 12, and 17 dS·m−1, respectively. Considering increased fresh biomass yield, P application at the rate of 108 kg P2O5 ha−1 can be suggested for saline drylands. P application is recommended to reduce the adverse effects of high salinity on growth and productivity and improve salinity tolerance of blue panicum in salt-affected arid and desert regions.
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1. Introduction


Increasing freshwater scarcity and declining irrigation water quality are the major challenges limiting agricultural production worldwide. In arid and desert climate regions, soil salinity is increasing mainly due to the high rate of chemical weathering of soil, mineral, and rocks and a higher rate of evapotranspiration than precipitation. In those regions, together with other causes such as extreme temperatures, high winds, and drought, soil salinity stress is causing serious environmental problems, reducing cultivated land, decreasing ecosystem services, declining crop productivity, and affecting agri-food systems [1]. More than 50% of the world’s irrigated land and 20% of the cultivated land has been affected by soil salinity [2].



The Southern region of Morocco (Laâyoune-Boujdour-Sakia, Al Hamra region), which covers approximately 1 million ha of land suitable for agricultural production, has been affected by different levels of soil salinity [3]. In many North African and Mediterranean countries, agricultural areas have been challenged by high soil salinity (>25 dS·m−1), high groundwater salinity (>12 dS·m−1), severe drought, no/low rainfall (<50 mm annual rainfall), unavailability of good quality water for irrigation, poor soil fertility (low soil organic carbon), and gradual degradation of soil quality mostly due poor irrigation water quality [4,5]. Due to those challenges, only a limited number of resilient crop species and some halophytes can be grown in the region [6,7]. As livestock is the major enterprise and the scarcity of livestock forage is severe in the region [8,9], the production of forage crops can significantly contribute to the income and agri-food system. Among the several forage species available in arid and desert regions, blue panicum (Panicum antidotale, Retz.; C4, facultative-halophytic grass, family Poaceae), a species native of Southeast Asia, has shown promising performance for cultivation in saline soils with brackish irrigation water [10,11,12]. It is a robust and short rhizomatous perennial grass that grows up to 2 m in height with a very deep root system [13]. It is suitable for biosaline production systems [14], predominantly found in a wide range of climatic conditions [15]. It tolerates fairly high soil salinity and produces a fair amount of biomass. It has the ability to withstand a variety of soil and climatic stresses, including severe environmental stresses like salinity [10,15,16,17], drought, alkalinity, and waterlogging [18]. It is a highly productive grass with considerable nutritional value and palatability for the animal; it can produce up to 150–180 t ha−1 year−1 of fresh biomass with 15–18% protein content [17]. Proper management of this grass can help minimize the increasing gap between the supply and demand of forage for ruminants in arid and desert regions [19].



Soil salinity affects the growth, productivity, physiology, and nutritional values of a number of plant species, blue panicum in particular [20]. For a better understanding of the yield variation of blue panicum as affected by soil salinity, it is necessary to understand the physiological mechanisms for salinity tolerance [21]. This crop is an ideal fodder grass that can optimally produce fresh biomass up to 60 t ha−1 year−1 at moderate salinity (10–15 dS·m−1) [11]. Up to 12.5 dS·m−1 salinity, biomass production of blue panicum is not affected due to its coping physiological mechanisms such as improved gas exchange and water use efficiency [22]. The growth and yield of blue panicum are correlated with net CO2 assimilation and stomatal conductance rates [23].



Soil salinity reduces soil fertility and crop productivity by affecting multiple soil nutrients such as causing phosphorus (P) deficiency [24]; affecting N metabolism, including N uptake; causing NO3 reduction; affecting NH4 assimilation [25]; lowering soil osmotic potentials; and reducing water absorption [26]. Under saline conditions, the optimal amount of fertilizer application enhances crop yield and nutritional quality by improving the mineral balance and by minimizing Na+ toxicity [11,27,28,29]. Saline soils are characterized by a low activity of nutrient ions and an extremely high ratio of Na+/Ca2+, Na+/K+, Ca2+, and Cl−/NO in the soil [30]. Depending on the severity of salinity stress, the addition of a limiting nutrient enhances salt tolerance and increases plant growth [31]. Halophytes have devolved mechanisms that permit the selective uptake of nutrients from saline soils. The use of nitrogen, phosphorus, and potassium (NPK) fertilizers in the optimal combination enhances the yield of some halophytes [11]. In saline conditions, as uptake, transport, and distribution of P nutrients are affected by salinity stress [32], external application of the optimal amount of P fertilizers minimizes the adverse effects of salinity stress on crop growth [33]. Differences in uptake and translocation of different ions vary across grass species and fertilizer application rates and, consequently, plant tolerance to salinity and yield [34]. Thus, the hypotheses of this study were: (a) P application enhances growth and production of blue panicum under high-salinity conditions, (b) P application improves plant tolerance to salinity (physiological traits), and (c) a higher P rate is required under saline conditions for higher yield. Thus, the experiments were conducted for a better understanding of the growth, productivity, physiological development, and leaf mineral content of blue panicum as affected by different P rates under different irrigation water salinity in arid regions.




2. Materials and Methods


2.1. Soil and Climate


This research was conducted between December 2018 and February 2021 at an experimental farm of the National Institute of Agronomic Research (INRA), Foum el Oued, Laayoune, Morocco (latitude = 27.176° N; longitude = −13.349° W; altitude = 37 m asl). According to the classification provided by Dahnke and Whitney, the soil of the experimental site was sandy loam (61% sand, 18% silt, and 18% clay), moderately saline, and poor in organic matter and plant nutrients (Table 1). The irrigation water (groundwater) used in the experimental site is highly saline.



The experimental site had a tropical and subtropical desert climate with an average annual temperature of 20 °C, 18 rainy days in a year, and total annual rainfall of 72 mm (Figure 1). August is the warmest month of the year, and January is the coldest month. During the experimental period, the average temperature was 16.2 °C, the highest temperature on 26 August (44 °C), the lowest temperature on 16 January (8 °C), low rainfall (54 mm), and high wind speed (24.3 km h−1).




2.2. Experimental Design, Treatments, and Crop Management Practices


A field experiment was established in a split-plot design with three irrigation water salinities as the main plot and three P rates as sub-plot treatment with three replications. The P rate of 0, 90, and 108 kg P2O5 ha−1 represented P0, P1, and P2, respectively. The three salinity levels of the irrigation water were characterized by an EC of 5, 12, and 17 dS·m−1. Saline irrigation water treatments were prepared using two sources of irrigation water (Table 2) in addition to salt (NaCl), as shown in Figure 2. The evaluated salinities were groundwater salinity (5 dS·m−1) and two other levels obtained by adding NaCl salt up to EC values of 12 and 17 dS·m−1. The crop was sown on 5 December 2018, manually at a depth of 2 to 3 cm after plowing and gentle compaction (to avoid soil blown away by the wind) of the soil. After establishment, the crop was maintained perennial. The individual plot size was 12 m2 (4 m × 3 m), and each plot consisted of five rows of blue panicum with a 60 cm row to row and 40 cm plant to plant distance. All plots received basal nitrogen (N) at 60 kg·ha−1 at sowing, and P fertilizer (monoammonium phosphate) was incorporated into the soil before sowing. After this, it was applied 2 weeks after each harvest through drip irrigation (fertigation) in 90 and 108 kg P2O5 ha−1 plots. For the initial 30 days, all plots were irrigated using the same (5 dS·m−1) salinity level water twice daily to allow the crop to establish uniformly. The irrigation amount was determined by computing evapotranspiration (ET0) and considering the crop visual symptom of water stress. The yearly total water applied during the growing period was 674 mm (Table 3). To avoid the confounding effect due to variation in irrigation amount, all plots with different salinity treatments received the same quantity of irrigation in each irrigation event. In two high-salinity treatments, the salinity of the irrigation water was gradually increased (2 weeks after) until it reached the desired electrical conductivity.




2.3. Measurements


2.3.1. Forage Biomass


To determine the total amount of forage biomass, the crop was harvested at the flowering stage of the plants (60 to 120 days after the fertilizer application) and their fresh forage biomass weight was measured from all plots and replications harvesting the whole plot area (12 m2 each sub-plot). In all treatments, the biomass was harvested 7 times per year.




2.3.2. Soil Salinity


After the initial soil measurement, soil salinity was measured in December 2020 (after two years of irrigation with saline water). To measure soil salinity (electrical conductivity; EC), soil samples were collected from each plot and treatment from 0–10 to 10–20 cm depths. Soil salinity was measured using the saturated-soil paste method, as described by Khorsandi [34]. The end soil samples were collected from every 40 cm horizontal distance between the rows at every 10 cm distance interval, and a total of 7 samples per plot were analyzed.




2.3.3. Stomatal Conductance


Stomatal conductance was measured using an automatic SC-1 Leaf Porometer (Decagon Devices, Inc., Pullman, WA, USA). All the time, it was measured during midday on the upper leaf surface well exposed to sunlight. From all three replications, three plants per sub-plot and two leaves per plant were measured for stomatal conductance.




2.3.4. Leaf Mineral Content


The leaf samples were collected at the end of the second year of experimentation on 23 July 2020. The collected plant leaves were oven-dried at 70 °C to achieve a constant weight (three replicates per treatment). The dried plant material was finely ground to pass through a 2 mm sieve. The dried material (0.1–0.5 g) was digested in a digestion mixture (sulfuric acid–hydrogen peroxide) using the methodology described by Wolf [35]. Total nitrogen (N) was determined using the micro-Kjeldahl method. Potassium (K+) and sodium (Na+) in leaves were determined in plant samples by a wet digestion procedure using a mixture of nitric acid and perchloric acid with a ratio of 2:1 using a flame photometer according to the method described by Chapman and Pratt [36]. Concentrations of Na+, K+, and Ca2+ in the digestion mixture were determined using a flame photometer (Jenway, PFP7). For the determination of Cl−, the grounded material (0.1–0.5 g) was extracted using 10 mL of acetic acid at 80 °C for 6 h and determined using a chloride analyzer (Model926, Sherwood Scientific Ltd., Cambridge, UK). K+/Na+ and Ca2+/Na+ ratios in leaves (plant samples) were calculated for all treatments [16].





2.4. Statistical Analysis


Statistical analysis was performed using SPSS 17.0 package in R version R 4.0.5. Two-way analysis of variance (ANOVA) was performed to assess the effects of irrigation water salinity, P fertilizer rates, and their interaction on yield and leaf mineral nutrients. The significant parameters from ANOVA were subjected to Tukey’s multiple comparisons test (p ≤ 0.05). Correlation among the measured parameters was assessed using Pearson’s coefficient. Furthermore, multivariate analysis was conducted with principal component analysis (PCA) using the “ggplot2”, “factoextra”, and “FactoMineR” packages. Visualization of heatmaps for horizontal and vertical distribution soil salinity was performed using the Matplotlib library of the Python 3.10.0 programming language.





3. Results


3.1. Analysis of Variance


The analysis of variance showed a significant effect of irrigation water salinity in all parameters except for leaf N, Mg, and Fe content (Table 4). Phosphorus application had a highly significant (p < 0.001) effect on annual fresh biomass and stomatal conductance. Additionally, P application had a significant effect on leaf Fe and Na content. The interaction effect of irrigation water salinity × P rate was significant for fresh biomass in both years.




3.2. Effect of Irrigation Water Salinity on Fresh Biomass Production


The fresh forage yield of blue panicum was 76 ± 14 t·ha−1. Combined over two years, irrigation water salinity had a significant (p < 0.001) effect on the fresh biomass production, where 64% and 63% of the variability present in the fresh biomass is explained by irrigation water salinity for 2019 and 2020, respectively. Compared to the control, annual fresh biomass yield was reduced (p < 0.001) by 18% and 25% under irrigation water salinity of 12 and 17 dS·m−1, respectively (Figure 3).



Application of P fertilizer increased (p < 0.001) fresh biomass yield of blue panicum in both seasons (Figure 3). At a low salinity level (5.4 dS·m−1), compared to the control, total fresh biomass yield was higher (p < 0.01) by 10% and 27% under 90 (P2) and 108 kg P2O5 ha−1 (P3), respectively. At a medium salinity level (ECw = 12.7 dS·m−1), P application increased (p < 0.05) fresh biomass yield by 11% and 32%, respectively, under P2 and P3 compared to control. Similarly, at a high salinity level (ECw = 17.5 dS·m−1), compared to control, P application in soil significantly increased the biomass yield (by 19%) under P3 (p = 0.01); however, no significant effect was observed under P2.




3.3. Stomatal Conductance


Stomatal conductance as affected by irrigation water salinity and P application during 2019–2020 is shown in Figure 4. Stomatal conductance significantly decreased with increasing irrigation water salinity. However, P application significantly increased stomatal conductance of blue panicum under all salinity levels, where it was increased by 24, 27, and 29% under S1, S2, and S3, respectively. Multiple pairwise comparisons indicated that stomatal conductance was not significantly different between 90 and 108 kg P2O5 ha−1; however, it was slightly higher under 108 kg P2O5 ha−1 (Figure 4).




3.4. Leaf Mineral Content


The salinity of irrigation water affected (p < 0.05) almost all leaf mineral nutrient parameters except for N, Mg, and Fe (Table 5). Phosphorus application significantly affected only Mg/Na and Ca/Na equilibrium at high salinity levels. At a high salinity level, P supplementation mainly improved leaf OM, Zn, and Fe content.



Irrigation water salinity significantly decreased leaf concentration of P, K, Ca, and Zn, while it increased OM and Na content. As a typical observation, blue panicum accumulated more K in its leaves than Na. Additionally, irrigation water salinity significantly reduced leaf K/Na, Ca/Na, and Mg/Na ratios (Table 5).



Compared to the control (5 dS·m−1), raising irrigation water salinity levels to 12 and 17 dS·m−1 resulted in a decrease in leaf K content by 6% and 27%, while it increased Na content by 29% and 40%. Similarly, compared to the control, higher salinity levels (12 and 17 dS·m−1) significantly reduced Ca content (by 10% and 23%, respectively), and they decreased (p < 0.05) Zn content (by 24 %) and P content (by 27%) at the highest salinity level (Table 5).



Increasing salinity led to a reduction in the K/Na, Ca/Na, and Mg/Na concentration ratios in the blue panicum leaf, indicating it accumulated more Na than K, Ca, and Mg under salinity stress. Compared with the control, the ratios of Ca/Na and Mg/Na were decreased by 31% and 21% under 12.7 dS·m−1 and by 46% and 37% at 17.5 dS·m−1, respectively. Additionally, the K/Na ratio was significantly reduced (by 29% and 44%, respectively, under 12 and 17 dS·m−1); however, this ratio was not up to ratio = 6.




3.5. Correlation Matrix


Figure 5 shows the correlation between all investigated parameters for two cropping years. Results show a highly significant and positive correlation between fresh biomass production and stomatal conductance. Moreover, the correlation was significant and moderately positive among measured macro-nutrients (N, P, K, Mg, and Ca). Remarkably, leaf organic matter and iron content were negatively correlated with all the calculated ratios.




3.6. Multivariate Analysis


Results from the principal component analysis (PCA) indicate that the first three principal components explained 70% of the data variability. According to the projection of variables by cos² (Figure 6), the first dimension (PC1) was explained by Ca/Na, Mg/Na, K/Na, Ca, and P, while PC2 was explained by Fe and Na. Moreover, fresh biomass and stomatal conductance contributed to the formation of PC3. The projection of supplementary dependent variables showed that salinity was correlated positively with leaf Na and OM, and negatively with fresh biomass and stomatal conductance. Moreover, the application of P has a moderate positive correlation with fresh biomass, stomatal conductance, and Fe content.




3.7. Salinity in Different Soil Depth and Distance from the Plant


Analysis of variance for electrical conductivity indicates that soil salinity was significantly affected by irrigation water salinity level at a 10 cm distance from plants for the two sampled horizons (depths) (Table 6). Interestingly, salt accumulated mainly at a 20 cm depth in the inter-row space.



Spatial (depth-wise) distribution for soil salinity showed that salt mainly accumulated at the topsoil layer at low salinity level (Figure 7b), while this accumulation tends to be more at a 20 cm depth under high-salinity irrigation water (Figure 7c,d).





4. Discussion


Our study clearly shows that irrigation water salinity had a negative effect on the growth and productivity of blue panicum grass (Table 4, Figure 3), where higher irrigation water salinity (12.7 and 17.5 dS·m−1) significantly reduced the fresh biomass yield in both years. Plant growth and yield reduction under high salinity are related to altering physiological functions [11]. Higher salinity reduced growth by decreasing chlorophyll, rubisco, and PSII activity through ROS production [22] and reducing leaf index [14]. Irshad et al. [26] reported that salinity stress affects plant growth by limiting plant N uptake and lowering soil osmotic potentials. However, fresh biomass yield higher than 60 t·ha−1 (ranging from 60 to 102 t·ha−1) of blue panicum in the desert climate with very high salinity (Laayoune, Morocco) (Table 4) is something worthwhile to consider for adoption by the livestock entrepreneurs in the similar climatic condition in other parts of the world. It survives under NaCl concentrations up to 150 mM by adjusting transpiration, photosynthesis, and water use efficiency and using sodium as an osmoticum in both shoot and root tissues [11]. It survives optimally at moderate salinities between 100 and 150 mM NaCl and produces fresh biomass yield up to 60 t·ha−1 year−1 [10] up to 150–180 t·ha−1 year−1 [17]. Salt tolerance in this grass is generally associated with low uptake and accumulation of Na+ in roots [37]. Our study showed higher uptake of Na than K, Ca, and Mg (Table 5). The fairly high yield even under 17.5 dS·m−1 (Figure 3) shows further study might be needed for the systematic understanding of salt tolerance and high yield for wider promotion and adoption under high salinity and dryland conditions.



Consistent with the results obtained by Hussain and Liu [38], we found that salinity in combination with drought significantly affected the growth and biomass yield of blue panicum. As also reported by Farrag et al. [39], this decrease in biomass can be explained by reduced plants’ shoot length (height) and root length with increasing irrigation water salinity: irrigation water salinity from 5 to 15 g·L−1 reduced shoot and root length by 8–32% compared with irrigation with fresh water. In another study, Jamil and Rha [40] reported that root length and plant height provide important insights into the response of plants to salt stress because roots are directly in contact with soil to absorb water and nutrients and supply to shoot and other parts of the plant.



4.1. Effect of Phosphorus Fertilization


Under saline conditions, P application significantly increased the biomass yield of blue panicum, and it reduced the negative effect of salinity. This result is in agreement with the findings of Al-Karaki [41] and Khosh Kholgh Sima et al. [42]. Additionally, the significantly higher forage yield with P application under low salinity (control) indicated, regardless of the salinity condition, P application enhances biomass production of blue panicum in drylands. They also found that an increase in salt level caused a significant decrease in the shoot and the root dry weights of barley, while adding P increased the plant dry weight and subsequently resulted in more resistance to salinity stress. Our results are also consistent with the previous findings reported by Kaya et al. [43], who suggested that soil application of P mitigated partially the adverse effects of salinity on maize. Jahan et al. [44] also reported that phosphorus fertilization had a significant influence on the yield of mungbean. A number of studies have addressed issues related to improvement in crop yield through P supply. Similar results were found in other crops such as green bean, chickpea, wheat, sugar beet [31,42,43,44], forage maize [29], and quinoa [27]. The increase in yield by P application is attributed to the role of phosphorus which increased concentration and uptake of essential plant nutrients mainly increased OM, Zn, and Fe content, decreased the concentration and uptake of toxic ions (Na+ and Cl−), and increased the ratio of beneficial ions by increasing Ca2+ and K+ concentrations.




4.2. Stomatal Conductance


The present study revealed the stomatal conductance was significantly improved through P supplication, while it was reduced under irrigation with saline water. Wang et al. [45] also reported that stomatal closure is the first major response (osmotic effect) under saline conditions that limits CO2 assimilation and photosynthesis processes. Similar results were also found by Ahmad et al. [16], who reported that salt stress generally has a negative effect on all gas exchange parameters for panicum grass grown under salinity between 3 and 19 dS·m−1. As the net CO2 assimilation, transpiration, and stomatal conductance are positively correlated, decreased stomatal conductance under saline conditions affects plant growth and yield [23]. High salinity reduces leaf stomatal conductance and CO2 fixed by the leaf, the major factors that decrease photosynthetic production and translocation to the various organs [46].




4.3. Mineral Nutrition as Affected by Salinity and P Application


In our study, Na+ content in plants significantly increased with irrigation water salinity (NaCl-treated treatments) (Table 5). In those treatments, Na+ interfered with the influx of other ions, especially K, Mg, Ca, N, and P. However, P application mitigated the negative effect of Na+ accumulation and increased the plant longevity and survival under saline stress especially by maintaining K+ concentration (Table 5). High Na+ concentration in the soil solution increases Na+ influx into the plant via roots [47], while low salinity decreases Na+ concentration in the root and shoot and consequently the Na+/K+ ratio [14]. The increased ratio of Na+/K+ decreases the photosynthetic rate and dry matter yield [21]. K+ is an important ion for osmotic adjustment, and the halophytic grasses maintain high K+ content even under high-salinity conditions [47]. Salt-tolerant species of panicum grass maintain relatively higher K+/Na+ ratios [16], and up to a threefold increase in leaf Ca could be the possibility for K+/Na+ homeostasis [48]. K+ transport systems have some affinity for Na+ such as in Na+/K+ symporters, and Na+ competes with K+ for intracellular influx [49]. Under salt stress, plants attempt to maintain a low Na+/K+ ratio to survive. These changes in the Na+/K+ ratio (Table 5) were expected due to Na+ and K+ content changes after NaCl treatment [47]. Our results are in line with the results reported by Ahmad et al. [16], who found that the blue panicum species adapted to high salinity showed a smaller decrease in leaf K+/Na+ and Ca2+/Na+ ratios under salinity stress.





5. Conclusions


The findings from this study revealed that increment in the irrigation water salinity led to a significant reduction in biomass of blue panicum. In addition, the blue panicum leaf mineral nutrient content declined under increased salinity. On the other hand, P fertilization was shown to improve plant mineral content, as well as stomatal conductance under salinity stress conditions. Phosphorus application under saline conditions reduces the adverse effects of high salinity on growth, yield, and mineral nutrient content. In light of these results obtained, P fertilization could be one of the best practices to ameliorate the negative effect of soil salinity stress. Thus, it is suggested to grow blue panicum and apply P fertilizer at the rate of 108 kg P2O5 ha−1 under salinity higher than 12 dS·m−1 (similar amount in non-saline conditions also) for higher forage yield to sustain livestock production in arid and desert climatic conditions.
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Figure 1. Variation of temperature and rainfall during 2nd growing season (2020). 
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Figure 2. Schematic view of the irrigation water tanks laid out for using irrigation in the experimental plots. 
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Figure 3. Annual fresh biomass yield of blue panicum as affected by irrigation water salinity and phosphorus rate. Means with the same letters do not differ significantly at p = 0.05. Error bars indicate the standard deviation. 
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Figure 4. Stomatal conductance of blue panicum as affected by irrigation water salinity and phosphorus rate. Means sharing the same letters do not differ significantly at 5%. Error bars indicate the standard deviation. 
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Figure 5. Pearson’s correlation among leaf mineral nutrients during 2019 (a) and 2020 (b). *, **, and *** indicate significant differences at p < 0.05, 0.01, and 0.001, respectively. Color gradient scale corresponds to Pearson’s coefficient of correlation. 
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Figure 6. Correlation among variables in the first three principal components, PC1 and PC2 (a) and PC1 and PC3 (b). The color gradient scale indicates the intensity of contribution of variables according to the cos² for its coordinates. Blue arrows correspond to the projections of supplementary dependent variables. FB is fresh biomass, and SC is stomatal conductance. 
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Figure 7. Heatmap of soil salinity distribution at two depths. Initial salinity level (a); and after two years of experiment under irrigation water salinity of 5.4 dS·m−1 ((b) control); 12.7 dS·m−1 (c), and 17.5 dS·m−1 (d). The point with coordinates (0;0;0) represents plant position. 
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Table 1. Soil physical and chemical properties in the experimental site.
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	Depth (cm)
	Sand (%)
	Silt (%)
	Clay

(%)
	Soil

pH
	EC (dS/m)
	Cl (g/kg)
	Na2O (g/kg)
	MO (%)
	N (g/kg)
	P2O5

(mg/kg)
	K2O (g/kg)
	MgO (g/kg)
	CaO (g/kg)
	Zinc (mg/kg)
	Iron (mg/kg)





	0–20
	61.81
	18.64
	18.64
	8.47
	1.91
	2.12
	2.00
	0.47
	0. 3
	44.12
	0.33
	0.92
	9.73
	0.80
	1.23



	20–40
	71.29
	12.91
	23.79
	8.47
	1.80
	1.43
	1.51
	0.40
	0. 3
	36.29
	0.31
	0.85
	9.46
	0.80
	1.23







Note: The electrical conductivity of the soil was measured using the soil-saturated paste method with an EC meter (HI 9812, Hanna Instruments). Values not converted to ECe.
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Table 2. Chemical properties of irrigation water applied.
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Water Content

	
EC

	
pH

	
Cations (meq·L−1)

	
Anions (meq·L−1)




	
(dS·m−1)

	
K

	
Na

	
Ca

	
Mg

	
Cl

	
SO4

	
NO3

	
CO3

	
HCO3






	
Freshwater

	
4.04

	
7.45

	
0.883

	
24.35

	
11.25

	
6.48

	
28.12

	
11.21

	
3.46

	
0.0

	
3.52




	
Groundwater

	
11.98

	
7.35

	
3.44

	
114.07

	
28.4

	
26.42

	
124.55

	
52.15

	
1.01

	
0.0

	
3.88
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Table 3. Total irrigation water (mm) applied in each irrigation during the crop growing period.
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	Periods (10 day)
	Jan
	Feb
	March
	April
	May
	June
	July
	August
	Sept
	Oct
	Nov
	Dec
	Total





	1st 0–10
	9
	18
	20
	18
	22
	27
	27
	27
	22
	18
	18
	9
	235



	2nd 10–20
	9
	18
	18
	18
	22
	27
	27
	27
	18
	18
	9
	9
	220



	3rd 20–31
	18
	18
	18
	22
	22
	27
	18
	22
	18
	18
	9
	9
	219



	Total irrigation (mm/month)
	36
	54
	56
	58
	66
	81
	9
	76
	58
	54
	36
	27
	674
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Table 4. Analysis of variance (ANOVA) showing p-value of fresh biomass (FB), stomatal conductance (SC), organic matter (OM), and leaf nutrient content, i.e., leaf nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), zinc (Zn), iron (Fe), and sodium (Na). DF = degree of freedom.
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Factors Na:

	
DF

	
FB

	
SC

	
OM

	
Leaf Mineral Content




	
2019

	
2020

	
2019

	
2020

	
N

	
P

	
K

	
Mg

	
Ca

	
Zn

	
Fe

	
Na






	
Irrigation water salinity (S)

	
2

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.02 *

	
0.11

	
0.03 *

	
0.02 *

	
0.17

	
0.02 *

	
0.04 *

	
0.42

	
0.01 *




	
Phosphorus rate (P)

	
2

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.74

	
0.82

	
0.34

	
0.46

	
0.19

	
0.45

	
0.59

	
0.04 *

	
0.03 *




	
Interaction (S × P)

	
4

	
0.006 **

	
0.001 **

	
0.04 *

	
0.07

	
0.81

	
0.94

	
0.65

	
0.63

	
0.68

	
0.66

	
0.53

	
0.24

	
0.18








*, **, and *** indicates significant at p = 0.05, 0.01, and 0.001, respectively.
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Table 5. Leaf nutrient content of blue panicum as affected by irrigation water salinity and phosphorus fertilizer rate. Any two values within a column are significantly different (p < 0.05) by Tukey’s test if they have no letter in common.
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Irrigation Water Salinity (dS·m−1)

	
5 (Control)

	
12

	
17




	
Phosphorus Rate (kg P2O5 ha−1)

	
0

	
90

	
108

	
0

	
90

	
108

	
0

	
90

	
108






	
OM (%)

	
91.4 ± 2.06 a

	
90.2 ± 0.71 a

	
90.3 ± 1.84 a

	
90.8 ± 1.02 a

	
92.4 ± 4.30 a

	
93.3 ± 5.12 a

	
95.3 ± 4.73 a

	
93.8 ± 1.51 a

	
96.2 ± 2.38 a




	
90.6 ± 1.53 B

	
92.2 ± 3.53 AB

	
95.1 ± 2.94 A




	
N (%)

	
2.3 ± 0.51 a

	
2.2 ± 0.29 a

	
2.1 ± 0.25 a

	
2.3 ± 0.34 a

	
2.3 ± 0.59 a

	
2.2 ± 0.32 a

	
1.9 ± 0.22 a

	
1.8 ± 0.35 a

	
1.9 ± 0.12 a




	
2.2 ± 0.34 A

	
2.3 ± 0.38 A

	
1.9 ± 0.23 A




	
P (%)

	
0.2 ± 0.04 a

	
0.2 ± 0.03 a

	
0.2 ± 0.05 a

	
0.2 ± 0.06 a

	
0.2 ± 0.04 a

	
0.2 ± 0.01 a

	
0.2 ± 0.05 a

	
0.2 ± 0.01 a

	
0.1 ± 0.01 a




	
0.2 ± 0.04 A

	
0.2 ± 0.04 A

	
0.2 ± 0.03 B




	
K (%)

	
2.6 ± 0.41 a

	
3.0 ± 0.35 a

	
2.5 ± 0.59 a

	
2.6 ± 0.12 a

	
2.3 ± 0.60 a

	
2.4 ± 0.34 a

	
2.1 ± 0.29 a

	
2.3 ± 0.44 a

	
2.0 ± 0.08 a




	
2.7 ± 0.46 A

	
2.4 ± 0.37 AB

	
2.1 ± 0.29 B




	
Mg (%)

	
0.3 ± 0.04 a

	
0.2 ± 0.03 a

	
0.3 ± 0.07 a

	
0.3 ± 0.03 a

	
0.3 ± 0.08 a

	
0.3 ± 0.02 a

	
0.3 ± 0.04 a

	
0.2 ± 0.01 b

	
0.2 ± 0.02 b




	
0.3 ± 0.04 A

	
0.3 ± 0.04 A

	
0.2 ± 0.04 A




	
Ca (%)

	
0.7 ± 0.21 a

	
0.6 ± 0.03 a

	
0.6 ± 0.09 a

	
0.6 ± 0.06 a

	
0.6 ± 0.13 a

	
0.6 ± 0.03 a

	
0.6 ± 0.12 a

	
0.4 ± 0.02 a

	
0.4 ± 0.05 a




	
0.6 ± 0.11 A

	
0.6 ± 0.08 AB

	
0.5 ± 0.09 B




	
Na (%)

	
0.2 ± 0.01 a

	
0.3 ± 0.09 a

	
0.2 ± 0.06 a

	
0.3 ± 0.06 a

	
0.3 ± 0.03 a

	
0.4 ± 0.08 a

	
0.3 ± 0.04 a

	
0.3 ± 0.10 a

	
0.4 ± 0.05 a




	
0.2 ± 0.07 B

	
0.3 ± 0.09 AB

	
0.3 ± 0.07 A




	
Zn (ppm)

	
20.6 ± 4.36 a

	
25.4 ± 8.11 a

	
21.6 ± 5.62 a

	
23.4 ± 3.80 a

	
31.6 ± 16.5 a

	
23.1 ± 3.17 a

	
18.8 ± 1.47 a

	
14.5 ± 3.38 a

	
17.9 ± 2.92 a




	
22.5 ± 5.81 AB

	
26.0 ± 9.56 A

	
17.1 ± 3.06 B




	
Fe (ppm)

	
43.3 ± 4.76 a

	
55.1 ± 6.68 a

	
47.8 ± 5.28 a

	
38.7 ± 4.95 a

	
38.7 ± 11.5 a

	
57.24 ± 9.22 a

	
46.5 ± 16.95 a

	
46.8 ± 12.12 a

	
59.15 ± 7.64 a




	
48.7 ± 7.10 A

	
44.9 ± 12.12 A

	
50.8 ± 12.73 A




	
K/Na

	
13.0 ± 2.39 a

	
10.9 ± 2.44 a

	
11.4 ± 3.98 a

	
10.0 ± 2.38 a

	
8.9 ± 2.46 a

	
6.05 ± 1.14 a

	
7.2 ± 0.90 a

	
7.2 ± 3.09 a

	
5.4 ± 0.88 a




	
11.8 ± 2.79 A

	
8.3 ± 2.52 B

	
6.6 ± 1.90 B




	
Ca/Na

	
3.3 ± 0.92 a

	
2.2 ± 0.63 a

	
2.7 ± 0.54 a

	
2.1 ± 0.25 a

	
2.1 ± 0.28 a

	
1.5 ± 0.26 a

	
1.9 ± 0.16 a

	
1.4 ± 0.50 ab

	
1.1 ± 0.07 b




	
2.7 ± 0.76 A

	
1.9 ± 0.38 B

	
1.5 ± 0.45 B




	
Mg/Na

	
1.3 ± 0.22 a

	
0.9 ± 0.36 a

	
1.2 ± 0.23 a

	
1.1 ± 0.13 a

	
1.0 ± 0.20 ab

	
0.7 ± 0.14 b

	
1.0 ± 0.01 a

	
0.6 ± 0.17 ab

	
0.6 ± 0.15 b




	
1.2 ± 0.30 A

	
0.9 ± 0.23 AB

	
0.7 ± 0.21 B








Lowercase and same letters (a, ab, b) indicate the statistically homogeneous groups within phosphorus fertilization treatments, and uppercase and same letters (A, AB, B) indicate the statistically homogeneous groups within salinity.
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Table 6. Effect of irrigation water salinity on spatial (distance and depth) distribution of salt accumulation. Results are presented as mean ± standard deviation. Lowercase and same letters (a, ab, and b) indicate homogeneous group of means using Tukey’s test (p < 0.05).
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Soil Horizon/Depth (cm)

	
Irrigation Water Salinity (dS·m−1)

	
Distance between Plants (cm)

	
Distance between Line (cm)




	
0–10

	
10–20

	
20–30

	
30–40

	
20

	
40

	
Dripper






	
0–10

	
5 (Control)

	
1.8 ± 1.5 b

	
8.1 ± 2.1 a

	
6.1 ± 2.5 a

	
1.5 ± 0.3 b

	
8.9 ± 3.2 a

	
8.6 ± 4.6 a

	
2.6 ± 1.4 a




	
12

	
3.7 ± 1.4 a

	
7.7 ± 2.2 a

	
7.4 ± 1.8 a

	
4.5 ± 2.0 a

	
7.1 ± 2.8 a

	
8.0 ± 3.2 a

	
3.4 ± 1.6 a




	
17

	
4.2 ± 1.3 a

	
6.9 ± 2.5 a

	
7.2 ± 3.1 a

	
5.4 ± 3.9 a

	
8.5 ± 1.6 a

	
8.7 ± 2.3 a

	
4.0 ± 0.7 a




	
p-value

	
0.003 **

	
0.524

	
0.535

	
0.008 **

	
0.311

	
0.916

	
0.086




	
10–20

	
5 (Control)

	
2.2 ± 1.3 c

	
4.2 ± 1.2 a

	
4.7 ± 1.7 a

	
1.9 ± 0.7 b

	
9.1 ± 4.1 a

	
8.5 ± 2.9 a

	
2.4 ± 0.8 b




	
12

	
4.9 ± 1.6 b

	
5.8 ± 2.3 a

	
5.9 ± 1.9 a

	
5.4 ± 1.3 a

	
5.6 ± 2.6 b

	
7.3 ± 1.8 a

	
4.8 ± 1.5 a




	
17

	
6.5 ± 1.1 a

	
7.1 ± 3.7 a

	
6.5 ± 3.3 a

	
6.1 ± 3.4 a

	
5.9 ± 1.1 ab

	
6.6 ± 2.1 a

	
4.8 ± 1.4 a




	
p-value

	
0.000 ***

	
0.092

	
0.321

	
0.001 **

	
0.031 *

	
0.259

	
0.001 **








*, **, and *** indicates significance level at 0.05, 0.01, and 0.001, respectively.
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