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Abstract

:

Ginger species play an important economic role as medicinal plants, food flavourings, and dietary supplements. Products from ginger, including oil and fresh and dried rhizomes can be used to treat malaria, asthma, headaches, and act as anti-inflammatory and anti-microbial agents. The cultivation of wild plant species can alleviate the pressure from harvesting from the wild. Under cultivation, the major constraints on crop yield and quality are water availability and plant nutrition. Therefore, the impact of water stress on commercial and African ginger was assessed in the rain shelter study. Irrigation treatments were based on the maximum allowable depletion (MAD) levels of plant available water in the root zone (T1: 20–25% MAD, the control; T2: 40–45% MAD; T3: 60–65% MAD; T4: 80–85% MAD). As water stress decreased, the plant height and number of stems per plant of both plant species were positively affected. The number of open stomata was higher for well-watered and less stressed treatments in both ginger species. Higher fresh and dry rhizome yields were recorded for commercial ginger at all water treatments as compared to those from African ginger. In general, water use efficiency (WUE) of fresh and dry rhizome yield was higher for commercial ginger as compared to the indigenous African ginger, while moderately stressed treatments generally resulted in the highest WUE for both species.
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1. Introduction


South Africa is characterised by flora that is well known for its abundance in aromatic compounds, however, currently about 2576 plant species are threatened with extinction due to over-harvesting from the wild [1]. This includes some species in the genus Zingiber, which belong to the family Zingiberaceae [2], with African (Siphonochilus aethiopicus) and commercial ginger (Zingiber officinale) belonging to the family. This genus is one of the largest genera, comprising of perennial ornamentals and aromatic herbs that are cultivated for valuable medicines [3]. African and commercial gingers are considered to be important traditional medicinal plants in southern Africa, being used for treatment of a variety of human aliments [4]. Products, including oil and fresh and dried rhizomes can be used to treat malaria, asthma, headaches, and act as anti-inflammatory and anti-microbial agents [5]. The trade in traditional medicines in South Africa is estimated to be worth R2.9 billion (201 billion USD) per year [6]. In South Africa, the plant trade serves as a key in the rural industry and business incubators, with 771 species being harvested from the wild for sale. The production of commercial ginger is well documented in different parts of the world [7]. African ginger was identified as one of the species with commercial production potential, in South Africa. It was estimated that 1.9 tonnes of African ginger, totaling a number of 52,000 plants, is annually traded in South Africa and the current situation necessitates an alternative supply of ginger plant material to meet the demand [4].



With climate change (increased risk of drought) and the slow growing capabilities of some wild ginger species, the threat of extinction of these species is high and it has become urgent for research to address the strategies of improving ginger species yield through improved cultivation technologies.



Water is one of the essential role players in crop production that affect crop yield. Water availability can also affect quality and earlier reports have shown that drought stress can increase the concentration of secondary metabolites in different plants and some medicinal plants, including ginger [8,9]. The incidences of drought in many sub-Saharan growing areas due to the negative effects of climate change restrict the growth and photosynthetic activities of crops [10]. Water shortage affects crops according to crop growth stages and physiological plants processes. Beside physiological responses, plants also undergo morphological alterations, causing changes in the distribution of assimilates, which can reduce vegetative growth and hinder the development of plant reproductive organs [11]. According to Galmés at al. [12], the ability of plants to survive under varying stressed conditions depends on growth stage, intensity of water deficit, plant species, and duration. Crop species growing under variable water supply, especially during yield formation stages, can still produce optimum yields with maximum water use efficiency (WUE) [13]. There is limited information available on the response of ginger species that are subjected to varying water stress regimes. Information regarding the plant’s response to water stress regimes and drought tolerance mechanisms can help to devise appropriate irrigation management strategies and be useful in breeding programmes for the selection of genotypes that can withstand extreme conditions. Several studies have reported on the role of medicinal plants as agents with anti-microbial and anti-inflammatory properties, and some are used for treating various ailments. Ghasemzadeh et al. [14] indicated the medicinal potential of Malaysia ginger (Z. officinale) varieties through their high antioxidant activities, as well as the total contents of phenolic compounds and flavonoids. Additionally, numerous experimental studies on the growth and yield response of medicinal plants have been investigated. Wilson and Ovid [15] assessed the growth and yield responses of ginger (Z. officinale Roscoe), as affected by shade and fertilizer applications. Jasim et al. [16] reported that plant growth promoting products had considerable effects on the growth of ginger. A field study on nitrogen and water management reported higher leaf area index (LAI) under well-watered treatments for Perlagonium sidoides [17]. Although several studies have reported on the medicinal potential of ginger species, yield, and plant response to growth regulators, there is still limited information available on the response of ginger to water supply, which may significantly affect growth, yield, and quality. Furthermore, there is virtually no published information on the cultivation of African ginger. Therefore, the aim of this study was to examine the response of commercial and African ginger to water stress by evaluating their water use, growth, yield, and water use efficiency.




2. Materials and Methods


2.1. Experimental Site


The experiment was conducted under a rain shelter at the Hatfield Experiential Farm of the University of Pretoria, Hillcrest campus, Pretoria, South Africa. The experiment was completed during the 2015/2016 and 2016/2017 cropping seasons. The area is located at 25°45′ S and 28°16′ E, with an elevation of 1350 m above sea level.




2.2. Soil Analysis and Fertilizer Application


Soil samples were randomly taken from depths of 0–20 cm, 20–40 cm, 40–60 cm, and 60–80 cm to assess chemical and physical properties (Table 1 and Table 2). The soil of the experiment site was characterised as a sandy clay loam of the Hutton [18], form with clay content of 36% at 0–20 cm soil depth (Table 2). Based on the soil sample analysis, phosphorus was applied as basal application at planting at a rate of 170 kg P ha−1 (as Superphosphate 8.3%), while nitrogen and potassium were applied at rates of 220 kg ha−1 (LAN 28%) and 170 kg ha−1 (KCl 50%), respectively, for both ginger species. The N and K were applied in split applications of equal amounts at 45 and 90 days after planting. Weather data was obtained from an automatic weather station at the Hatfield Experimental Farm (Table 3).




2.3. Experimental Layout and Treatments


The experiment was laid out in a randomized complete block design (RCBD) with two ginger species, four irrigation regimes, and three replicate blocks. Each experimental plot was 4 m2 (2.0 m × 2.0 m) in size, with eight plant rows per plot, and 1 m spaces between the blocks. The spacing between plant rows was 0.25 m and 0.25 m within rows, giving a plant population of 64 plants per 4 m2 (160,000 ha−1), and the two ginger species used were commercial (Z. officinale) and African ginger (S. aethiopicus). The water treatments were as follows:

	
Irrigation treatment 1 (T1-Control): Soil refilled to field capacity when 20–25% of available soil water (ASW) was depleted.



	
Irrigation treatment 2 (T2): Refilled to field capacity when 40–45% of ASW was depleted.



	
Irrigation treatment 3 (T3): Refilled to field capacity when 60–65% of ASW was depleted.



	
Irrigation treatment 4 (T4): Refilled to field capacity when 80–85% of ASW was depleted.








The eight treatment combinations are presented in Table 4.




2.4. Planting Material Collection and Trial Establishment


Commercial and African ginger rhizomes were acquired from Fortuna Company and Agricultural Research Council (ARC) in South Africa, respectively. The rhizomes of both the plant species were stored for three months at temperature of 12 °C to 14 until they were transplanted into the field. The obtained ginger rhizome sizes ranged from 20 to 30 g and they were planted by hand at a depth of 7 cm during the 2015/2016 and 2016/2017 seasons. General pest and disease management practices were followed when necessary. Weed management was manually done throughout the growing season.




2.5. Soil Water Content Monitoring and Irrigation Scheduling


A 503DR CPN Hydro Probe neutron water meter (Campbell Pacific Nuclear, California, USA) that was calibrated for the experimental site was used to measure the soil water content. Access tubes were installed in the middle of each plot and readings were taken at 0.2 m intervals to a depth of 0.8 m.



Irrigation scheduling was based on the measured depletion of available soil water (ASW). The ASW was considered as the difference between root zone water storage at field capacity and the permanent wilting point. The effective root zone of ginger plants was estimated to be 0.40 m, and although water contents to a depth of 0.8 m were recorded, irrigation was based on ASW depletion of the effective root zone. The depleted percentage of ASW (θd) was calculated using Equation (1) [19].





Depletion of avalable soil water=1001n∑1nFCi−θiFCi−PWPi



(1)




where n is the number of layers of the actual rooting depth used in the soil water content measurement, FCi is the soil water content at field capacity for ith layer, θi is the soil water content in ith layer, and PWPi is the soil water content at permanent wilting point on volume basis.




2.6. Growth Parameters


Data on growth was collected on a monthly basis and eight plants were randomly selected and tagged as data plants. Parameters, including plant height, number of stems per plant, and number of leaves per plant were measured every month from 100 days after planting to 240 days after planting.



Leaf area index and canopy interception of photosynthetically active radiation FIPAR were measured once a month while using a ceptometer (Accupar model LP-80, Decagon Devices Inc., Pullman, WA, USA). PAR measurements were collected from above and below the canopy. In order to calculate the fractional interception (FI) of PAR, the ratio between the above canopy and below canopy PAR measurement was used, as indicated in Equation (2) [20]:


FIPAR=1−(PAR below canopyPAR above canopy)



(2)








2.7. Yield Parameters


Data on yield parameters was collected at 240 days after planting. The plants from each plot were carefully dug up and the rhizomes were separated from leaves and stems. Fresh rhizome mass was measured directly after harvest and dry matter yield was determined after the separated rhizomes, leaves, and stems were oven dried at 50 °C for 72 h.




2.8. Water Use and Water Use Efficiency


Crop water use or evapotranspiration (ET) was determined by using the soil water balance of equation [21], as follows:


ET = I + P − D − R − ΔS



(3)




where, ET refers to crop water use/crop evapotranspiration (mm), I represents irrigation (mm), P represents precipitation (mm), D refers to drainage (mm), R is the surface runoff (mm), and ΔS is change in soil water storage between planting and harvest (mm). Runoff and drainage were assumed to be negligible, as irrigation was carefully managed to prevent over irrigation or runoff and rain was excluded by the rain shelter.



Water-use efficiency (WUE) was calculated as yield divided by volume of irrigation water used, using the following equation [21];


WUE=Y∑ET



(4)




where, WUE is the water use efficiency in kg ha−1 mm−1, Y represents the yield in kg ha−1, and ∑ET is the total seasonal water use in mm.




2.9. Scanning Electron Microscopy (SEM) Parameters


The response of the plants to irrigation regimes in terms of stomata number and the number of open stomata were collected and analysed from scanning electron microscope images, following the method that was described by [22], with slight modifications. A leaf sample (10 mm × 10 mm) was cut from the third leaf from the top of the plant and then fixed in 3% w/v aqueous solution glutaraldehyde (0.05 M phosphate buffer at pH 7.0) immediately after cutting. The samples were then thoroughly rinsed with distilled water and the procedure was repeated three times. Thereafter, the samples were post fixed in osmium tetroxide (1% m/v) and incubated for two hours. Samples were further dehydrated in a series of ethanol concentrations of 30, 50, 70, 90, and 100% (m/v) for 15 min and then dried in a critical point drying apparatus (Bio-Rad E300, Watford, UK). The dried samples were mounted on copper stubs and coated with gold in a vacuum coating unit (Polaron E5200C, Watford, UK). The samples were then observed under a JSM 840 scanning electron microscope (JEOL, Tokyo, Japan) at 350× magnification. Total number and number of open stomata were counted at 350× magnification.




2.10. Statistical Analysis


The data was subjected to analysis of variance by using Statistical Analysis System software (SAS) version 9.4 (Cary, NC, USA). The means were separated and then compared using the least significant difference (LSD) test at 5% probability. Correlations among the parameters were constructed while using Microsoft Excel 2010.





3. Results and Discussion


3.1. Soil Water Used


The amounts of water that were used by each treatment of the two ginger species during the 2015/2016 and 2016/2017 growing seasons are presented in Table 5. The data showed that there were significant differences among water treatments, but the ginger species did not significantly differ in water use for the same treatments within a specific season. The results are clear that, for both commercial and African ginger, the well-watered treatment (20–25% MAD) showed significantly higher water use when compared to other treatments in both years. Water use significantly decreased with increase in water stress level for both species in the first season (2015/2016; Table 5). The obtained data indicate that both ginger species showed no significant differences in water use between treatments 40–45%, 60–65%, and 80–85% MAD during the second season (2016/2017; Table 5). Soil water uptake can vary widely with season, management practices, location, and crop varieties. During 2016/2017, substantially more water was depleted for all of the stress treatments, as compared to 2015/2016. This could possibly be explained by more rapid canopy development early in the 2016/2017 season (higher FI values when water treatments commenced; which resulted in higher total water use amounts.



As expected, when the irrigation interval became longer (higher MAD percentage), the top soil layer dried out more, the proportion of water that is taken up from the deeper soil layers (0.4–0.80 m) increased, and less water in total was taken up [23].




3.2. Plant Height


The results showed significant differences between the treatments in plant height during the two cropping seasons in response to the different irrigation regimes for both ginger species (Figure 1A). African ginger showed statistically significant differences in plant height for treatments AG: 20–25%, MAD, and AG: 60–65% MAD (Figure 1B). The significant differences manifested from 100 days after planting to 240 days after planting for the first cropping season, while for the second seasons, the significant differences were revealed from 160 days after planting to 240 days after planting. The results showed an increase in plant height from 135 to 235 days after planting for the treatments of both ginger species. Taller plants were observed for all of the commercial ginger treatments when compared to those of African ginger in both seasons. For both ginger species, plant height at low to moderate water stress resulted in similar plant heights, while the severely stressed plants were stunted most. An earlier study on Satureja hortensis L. also reported decreased plant height in response to highly water stressed conditions [15]. Mofokeng et al. [17] also reported that the plant height of P. sidoides DC was reduced under severely stressed conditions as compared to the well-watered treatments. Mabhaudhi et al. [24] reported similar results for Bambara groundnut [24].




3.3. Stems per Plant


Figure 2A,B represent the response of number of stems per plant to different water regimes over two cropping seasons for African and commercial ginger. The results indicate that there were significant differences between the stem numbers for different treatments. During 2015/2016 treatments CG 20–25% MAD, CG 40–45% MAD, and CG 60–65% MAD showed significantly higher stem numbers from 130 to 240 days after planting (Figure 2A). It is notable that the three treatments of commercial ginger representing well-watered and intermediate water regimes did not result in any reduction in stem numbers. The higher stem numbers for these three treatments (CG 20–25% MAD, CG 40–45% MAD, and CG 60–65% MAD) was apparent, as the availability of soil water improved plant growth. Since water plays an essential role in the physiological processes of plants [17], it can be deduced that the well-watered treatments enabled commercial ginger to maintain its normal physiological functions. Treatment CG 80–85% MAD showed the lowest number of stems as compared to other treatments, irrespective of the ginger species (Figure 1A). Jyotsna et al. obtained similar results [25], who reported that water stress decreased growth and plant biomass of Salvia officinalis [26]. When severe water stress (treatment 80–85% MAD) was applied, the stem number declined more for both ginger species during both the 2015/2016 and 2016/2017 cropping seasons (Figure 2A,B), suggesting a strong effect on the development of the plant. Additionally, the first sign of water stress can often be detected by a reduction in cell turgesans and thereby a reduction in cell growth, especially in the stems and leaves.




3.4. Number of Leaves


The results in Figure 3A,B showed the number of leaves per plant for commercial and African ginger, as affected by different irrigation regimes during 2015/2016 and 2016/2017 cropping season. The total number of leaves was much higher for treatment CG 20–25% MAD during the 2015/2016 season (Figure 1A). The increases in the total number of leaves was more marked for well-watered and intermediate treatments (CG 20–25% MAD, CG 40–45% MAD, and CG 60–65% MAD) than the severely stressed treatment (AG 80–85% MAD) of African ginger for 2015/2016 and 2016/2017 season. The severely stressed treatment (AG 80–85% MAD) that showed the least number of leaves during both seasons may have limited the development of the plants. The relatively low supply of water to the stressed treatments resulted in poor leaf formation and stunted growth. The number of leaves observed under the severely stressed treatment (CG 80–85% MAD) are in agreement with the findings on the response of water stress on essential oil of oregano [27]. The severely stressed treatment (CG 80–85% MAD) during 2015/2016 and 2016/2017 showed an intermediate number of leaves and it was not significantly affected by the restricted water supply. This result differs from the findings that were reported by Mofokeng et al. [17]. We posit that this result may have been due to an insufficient time of exposure to the severe stressed conditions.




3.5. Leaf Area Index


The application of different irrigation regimes resulted in significantly different peak LAI values between treatments (Figure 4A,B). In 2015/2016, the leaf area index declined more under water stress conditions for African ginger than commercial ginger. In both seasons, the control treatment for African ginger species recorded the highest LAI of 3.1–2.2 m2 m−2, followed by the moderately stressed treatment (AG 40–45% MAD) with 2.63–2.0 m2 m−2. The severely stressed treatment of commercial ginger (CG 80–85% MAD) had the lowest LAI values of 0.8–1.2 m2 m−2. The lower LAI value under stress is a result of fewer and smaller leaves and a well-documented response to drought for many crops. The leaf area index responds to physiological processes, such as leaf expansion and photosynthesis, which are essential in dry matter production [28]. A previous study on the growth of P. sidoides in response to water and nitrogen level also revealed a decline in leaf area with water stress. Similarly, Acreche et al. [29] recorded the highest LAI for well-watered as compared to the stressed treatments of commercial ginger.




3.6. Fractional Interception of Photosynthetically Active Radiation (FIPAR)


The fractionally intercepted photosynthetically active radiation (FIPAR) markedly varied between different irrigation regimes and the two ginger species (Figure 5A–D). The FIPAR for the well-watered treatment (20–25% MAD) of both African ginger and commercial ginger generally showed the highest FIPAR when compared to the other water treatments, while the severely stressed treatment (80–85% MAD) showed lowest FIPAR values. In most instances, commercial ginger recorded lower FIPAR, values than African ginger at the same water treatments. The lower FIPAR values for severely stressed treatments (CG 80–85% MAD) are likely associated with the smaller canopy of these plants. The higher FIPAR that was reported for African ginger as compared to commercial ginger is associated with the higher LAI recorded for African ginger in this study (Figure 4A,B).




3.7. Scanning Electron Microscopy (SEM) and Stomata


Open stomata analyses describing the response of two ginger species, as affected by different irrigation regimes, are presented in Figure 6 and Figure 7. Stomatal conductance of the well watered treatments was always significantly higher than that of the stressed treatments in most cases. The results show that the control treatment for commercial ginger had a total of 60 and 43 stomata per unit area in the two cropping seasons, respectively, while 95% of stomata were open in both of the cropping seasons. The moderately stressed treatment (CG + 40–45% MAD) recorded 43.2% and 89.1% open stomata, respectively, in the two cropping seasons (Table 6). The control (unstressed treatment) and moderately stressed treatments had a higher number and higher percentage open stomata as compared to other commercial ginger treatments. For African ginger, the percentage of open stomata was higher for the control (CG + 20–25% MAD) when compared to the rest of the treatments. The severely water stressed treatment (CG 80–85% MAD) showed the lowest percentage of open stomata. The closing of stomata is associated with the inhibition of plant growth under drought stress, which may negatively affect crop yield [30]. Although treatment AG 60–65% MAD recorded a higher total stomata number than other treatments of African ginger, less of the stomata were open, as compared to the control. The results indicate a trend of stressed treatments, resulting in lower stomata numbers per unit area and lower percentage open stomata in both ginger species (Table 6; Figure 6 and Figure 7). African ginger generally showed more open stomata than commercial ginger. The opening and closing of stomata is regulated by the integration of environmental signals and endogenous hormonal stimuli [31]. In general, African ginger will lose more water through the open stomata under stress conditions than commercial ginger. This shows that African ginger has a less effective mechanism in preventing water losses though transpiration under drought than commercial ginger.




3.8. Fresh and Dry Rhizome Yield


The fresh rhizome yield showed significant variations (p < 0.05) between the two ginger species and different irrigation regimes (Figure 8A,B). The highest fresh rhizome yield was recorded for commercial ginger under well-watered conditions (CG + 20–25% MAD and CG + 40–45% MAD) for both of the cropping seasons (Figure 8A,B). Total fresh rhizome yield for commercial ginger increased from 15.7 to 43.5 t ha−1 as the water stress level decreased (Figure 8A,B). Well-watered plants also showed increased yield for African ginger, when compared to stress treatments. This was due to higher values of growth parameters, such as leaf number, stem number, LAI, and FIPAR for the control treatments. However, stressed treatments reduced crop canopy, closed stomata, and it consequently resulted in lower photosynthesis, which eventually culminated in lower storage organ yield for both ginger species.



The differences in rhizome yield could mainly be related to the number of rhizomes per plant for the different species and water treatments. This emphasizes the importance of proper irrigation management to maximise yield at any given crop evapotranspiration level [32]. The effect of water depletion level on species under water stressed conditions showed that the maximum available depletion of less than 45% manifested in no differences in rhizome yield. An increase in the depletion level to 65% and higher resulted in a reduction of fresh rhizome yield. It is worth noting that the yield decrease in case of commercial ginger was gradual according to the water stress treatment, but in the case of African ginger, rhizome yield decreased almost half-fold when the MAD was raised from 20–25 to 40–45%. During the second growing season, even when the MAD increased up to 80–85% MAD, the yield of commercial ginger was only reduced by about one-quarter, but in the case of African ginger, even a mild stress of 40–45% MAD reduced rhizome yield by half in both seasons. This confirms that African ginger is more susceptible to drought than commercial ginger. Similar results were reported for other drought sensitive crops, such as potato [9,33].



Similar to fresh rhizome yield, varying soil water contents at different irrigation treatments also had significant effects on dry rhizome yield (Figure 9A,B). Commercial ginger is sold either fresh for household consumption or dry as a flavourant in the food industry, while African ginger is used in the manufacturing of various medicinal products, for which dry rhizomes are usually used. The dry rhizome yield of AG seemed to be more consistent across seasons than CG. The total dry rhizome yields for commercial ginger ranged from 3.1–4.2 to 8.1–8.7 t ha−1 for treatments 80–85% MAD and 20–25% MAD during the two cropping seasons, respectively. Figure 9A,B indicate that the dry rhizome yield for African ginger followed a decreasing trend from the well-watered treatment to the severely stressed treatment for both of the cropping seasons. Earlier studies on an onion crop also reported higher yields for the well-watered treatments as compared to the stressed treatments [34]. Severely stressed plants resulted in the lowest dry rhizome yield for both commercial and African ginger (Figure 9A,B). Reddy and Reddy reported similar results [13], indicating a reduction in the yield of peanuts with 80% depletion of available soil water. The higher yield for the control treatments in both of the ginger species was likely due to the observed increase in the number of leaves, which increased leaf area and photosynthesis capacity, as compared to the stressed treatments. A study of different irrigation regimes on the growth and yield of potato similarly revealed that total fresh and marketable tuber yield increased with an increasing amount of irrigation [35].




3.9. Water Use Efficiency


Irrigation water use efficiency (WUE) is the relation between yield and water use, and it was calculated as the yield divided by the volume of water used. Table 7 lists the irrigation water use efficiencies for the different treatments. The maximum WUE values for commercial ginger were 150 and 121 kg·ha−1 mm−1 for the less stressed treatment (CG-60–65% MAD) in the two cropping seasons, respectively. Higher WUE values for moderately stressed treatments as compared to the well-watered treatment is common [27], and can be explained by the fact that the 40–45% and 60–65% MAD treatments used substantially less water, but they did not produce much lower yields than the control. Water use efficiency for African ginger was significantly lower in both of the cropping seasons, when compared to commercial ginger (Table 7). For African ginger, there was little variation in WUE between treatments, but the general trend was that the control and less stressed treatments had higher WUEs, which was opposite to the trend that was observed for commercial ginger. This is explained by the drastic drop in rhizome yield with the increase in water stress (an indication of drought sensitivity), while the corresponding decrease in water use was more gradual.





4. Conclusions


Our study has provided much needed information regarding the tolerance of ginger species to different levels of water stress. The amount of water use was higher under well-watered treatments as compared to stress treatments for both African ginger and commercial ginger. We have shown that growth and development parameter traits, such as height, leaf number, and stem number significantly varied between different species and irrigation treatments. Irrigation treatment effects on plant growth and development parameters depended upon plant species. The maximum LAI and FIPAR values of African ginger were higher than those of commercial ginger and this was reflected in both of the seasons. This was despite the fact that African ginger had less leaves, which thus reflects the bigger size of individual leaves of African ginger as compared to commercial ginger. Scanning electron microscopy images showed that both of the ginger species had more stomatal pores and open stomata under well-watered than stressed conditions. African ginger had a higher percentage of open stomata in all stressed treatments as compared to commercial ginger, suggesting limited stomatal control to prevent excessive transpiration losses under severe drought conditions.



Commercial ginger showed higher plant height, stem number, and leaf number, while African ginger had higher leaf area index and FIPAR when compared to commercial ginger. Fresh and dry rhizome yields were higher for commercial ginger as compared to African ginger in both seasons. Severely water stressed fresh and dry rhizome yields of commercial ginger were more affected than that of African ginger. Water use efficiency in terms of fresh commercial ginger yield was the highest at moderate water stress (CG-60–65% MAD). For dry rhizome yield, the water use efficiency was highest for either CG-60–65% or CG-40–45% MAD. Based on the results of our research, we can conclude that water stress had a striking effect on the growth, yield, and WUE of ginger species. Finally, the study showed that severe water stress reduced ginger rhizome yield in both species. However, commercial ginger seems to be less sensitive to water stress than African ginger.
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Figure 1. Plant height of two ginger species in response to different water regimes during the (A) 2015/2016 and (B) 2016/2017 cropping seasons. Where: CG: Commercial ginger; AG: African ginger; Vertical bars represent least significant difference (P ≤ 0.05). 
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Figure 2. Number of stems per plant of two ginger species in response to different water regimes during the (A) 2015/2016 and (B) 2016/2017 cropping seasons. Where: CG: Commercial ginger; AG: African ginger; Vertical bars represent least significant difference (P ≤ 0.05). 
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Figure 3. Number of leaves per plant of two ginger species in response to different water regimes during the (A) 2015/2016 and (B) 2016/2017 cropping seasons. Where: CG: Commercial ginger; AG: African ginger; Vertical bars represent least significant difference (P ≤ 0.05). 
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Figure 4. Peak Leaf Area Index (LAI) values of two ginger species in response to different water regimes during the (A) 2015/2016 and (B) 2016/2017 cropping seasons. CG: Commercial ginger; AG: African ginger; Lsd = 0.93 and 0.53 for Figure A and B respectively. 
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Figure 5. Fractional interception of photosynthetically active radiation (FIPAR) of two ginger species in response to different water regimes during the (A) CG: 2015/2016, (B) AG: 2015/2016, (C) CG: 2016/2017; and, (D) AG: 2016/2017 cropping seasons. 
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Figure 6. Scanning Electron Microscopy (SEM) images of open stomata pores of commercial ginger in response to different irrigation regimes during cropping season 2015/2016. (A) CG-20–25% MAD; (B) CG-40–45%MAD; (C) CG-60–65% MAD; and, (D) CG-80–85% MAD. 
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Figure 7. Scanning Electron Microscopy (SEM) images of open stomata of African ginger in response to different irrigation regimes during cropping season 2015/2016. (A) AG-20–25% MAD; (B) CG-40–45% MAD; (C) CG-60–65% MAD; and, (D) CG-80–85% MAD. 
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Figure 8. Fresh rhizome yield (t ha−1) of African ginger in response to irrigation regimes during the (A) 2015/2016 and (B) 2016/2017 cropping seasons. Mean values followed by the same letter on the same bars are not significantly different at (p ≤ 0.05) level according to the Tukey’s test. Where: CG: Commercial ginger; AG: African ginger; Lsd = 2.4 and 4.6 for Figure A and B respectively. 
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Figure 9. Dry rhizome yield (t ha−1) of African ginger in response to irrigation regimes during the (A) 2015/2016 and (B) 2016/2017 cropping seasons. Mean values followed by the same letter in the same bars are not significantly different at (p ≤ 0.05) level according to the Tukey’s test. Where: CG: Commercial ginger; AG: African ginger; Lsd = 0.3 and 0.2 for Figure A and B respectively. 
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Table 1. Chemical properties of different soil layers of the experimental field site.
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Chemical Properties

	
Soil Depth (cm)




	
0–20

	
20–40

	
40–60

	
60–80






	
pH(H2O)

	
6.3

	
6.6

	
6.8

	
6.9




	
EC (mS m−1)

	
64

	
66

	
28

	
26




	
CEC (cmol (+) kg−1)

	
14.7

	
10.2

	
9.7

	
10.7




	
Organic matter content (%)

	
0.9

	
0.8

	
0.7

	
0.7




	
Total N (mg kg−1)

	
19.6

	
14.6

	
14.3

	
13




	
Available P (mg kg−1)

	
44.6

	
43.8

	
4.3

	
2.3




	
Available K (cmol (+) kg−1)

	
0.95

	
0.12

	
0.09

	
0.07








Where: NH4OAc extractable cations; Bray-1 (P); Kjeldahl method (N).
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