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The effect of deficit irrigation on water productivity in the water supply and utilization chain has been computed, employing a systematic and quantitative approach. By applying such an investigation, weaknesses and strengths of deficit irrigation strategies could be revealed, and actions and measures could be implemented to improve water productivity as much as possible. The peppermint plants were subjected to regulated deficit irrigation (RDI) and partial root-zone drying (PRD). Peppermint was cultivated under full irrigation (FI, control) and RDI treatments including RDI85, RDI70, RDI55, and RDI40, receiving 85, 70, 55, and 40% of FI treatment, respectively; PRD techniques including PRD70, PRD55, and PRD40, receiving 70, 55, and 40% of FI treatment in one side of the root-zone at each irrigation event, respectively during two cutting seasons. There was no significant improvement in leaves weight and dried yield step by applying deficit irrigation treatments. Leaves and aerial parts from the whole plant and dried yield as the main source of essential oil had the weakest function, which should be optimized to adjust and gain more efficiency. In the essential oil yield step, as a final procedure, the highest improvements were observed in PRD55 treatment with 90% improvement in efficiency compared to control treatment. According to the results and calculating water productivity, PRD55 treatment improved water productivity by 179% compared to the control treatment. Two-way ANOVA analysis, between deficit volume and the deficit applying method, showed that total water productivity was affected (increased) significantly by the deficit applying method. This implies the contribution of the PRD technique to enhance more signals than RDI-based signals, which resulted in more improvements in secondary metabolism production in peppermint.
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INTRODUCTION

Sustainable agriculture involves setting up an equivalency between ingredients and resources, which are used in crop production systems in a way that, besides reasonable yield, provide sustainable production. Water is the most important fraction of resources, which plays an essential role in the production cycle. Due to the limited availability of fresh water, there are many pressures on the agricultural sector as the largest consumer of water to improve water productivity (WP). Food production using water as a critical input is usually a complicated process that is influenced by management decisions and environmental criteria. To inspect where the inefficiency lies, to evaluate the potential improvements, and most importantly of all, to discover how to allocate available resources to maximize the enhancement in water productivity, a systematic and quantitative approach is needed (Hsiao et al., 2007).

One of the methods to increase WP is irrigation management practices based on understanding the effects of water deficit. Water stress affects plant growth and productivity in many ways. Most of the reactions have a negative impact on production, but plants have different and often multiplex mechanisms to react to water shortages. Regulated deficit irrigation (RDI) and partial root-zone drying (PRD) are strategies of reducing irrigation rates and managing how and where to irrigate during a specific period of growth and development, to conserve water and managing plant growth while maintaining yield and quality. RDI has frequently been proved to be an efficient tool to optimize water-use efficiency (WUE) of different crops such as grapes, pears, citrus, etc. (Cui et al., 2008; Romero et al., 2013; Panigrahi et al., 2014). By alternately wetting and drying part of the root-zone, PRD may allow the induction of abscisic acid (ABA)-based root-to-shoot chemical signaling to regulate growth and water use (Wang et al., 2012). Across several crop species, PRD has shown a potential in saving water and increasing WUE (Iqbal et al., 2020).



CONCEPT OF THE CHAIN OF EFFICIENCY STEPS

As the production procedure is complex and resources at a beginning point proceed consecutively through numerous stages, resulting in the final product, an approach was presented to quantify the total efficiency of the whole production system through each individual efficiency step (Hsiao et al., 2007). In every procedure, because of consecutive steps, the output of each efficiency step would be the input for the next step. Also, the second efficiency output would be the third step input, and so on. In the form of an equation:
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The total efficiency is then determined by the following calculation between each efficiency of individual steps from Equation (2).

[image: image]

Deficit irrigation could improve WP by adjusting water application efficiency and harvest index (yield efficiency). Improvements achieved by applying deficit irrigation strategies could be formulated by the equations below:
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Various plants have different efficiency in terms of irrigation water used. In a condition of low water availability, gaining water from the land has priority, implementing deficit irrigation strategies to achieve more capital gained per unit of water is of special importance. Medicinal plants, as a collection of plants with high economic value, can produce more capital than other plants in terms of water shortage. Peppermint herb, which is widely used in medicines, hygiene, and oral medications, was selected for this experiment. The peppermint plant is cultivated for mercantile purposes by processing essential oil, dry leaves, and fresh herbs. Toothpaste, mouthwashes, chewing gum, pharmaceuticals, and confectionery and aromatherapy commodities are some of the products in which peppermint essential oil is a main aromatic material (Zheljazkov et al., 2010). It is now obvious that drought and water deficit could change the secondary metabolite production revenue in aromatic and medicinal plants. However, results were not comprehensive in peppermint plants. Nakawuka et al. (2014) investigated the impact of water deficit on quality, yield, and production costs of native peppermint. Their field test consisted of four levels of irrigation: 40, 54, 80, and 100% of ETc. They indicated that applying 40% of full irrigation on native spearmint could produce an essential oil amount of equivalent quality and quantity to that extracted from plants which were fully irrigated. They also reported that water deficit could intensify WP and decline the overall production costs in native spearmint. Hassanpour et al. (2014) reported that, applying 50 percent of field capacity (FC) in Mentha pulegium L., increased essential oil yield by 60%. Kheiry et al. (2017) showed that the essential oil ratio in peppermint was increased significantly by applying water at 75% of field capacity. Also, Farhoudi (2017) reported an increment of 60% in oil yield production in chamomile in mild stress conditions (75% of field capacity). The objective of the current study was to determine the efficiency of each step from fresh herb yield to essential oil of peppermint and WP with regulated deficit irrigation and partial root-zone drying in field conditions. The weakest stages, in terms of efficiency and differences between treatments, would be discovered. Medicinal plants with oil as the final product mostly have complex procedures in generating essential oil and even very little improvement on the process could result in valuable economic return. To the best of our knowledge, the effects of partial root-zone drying on medicinal plants and especially peppermint have not yet been investigated.



MATERIALS AND METHODS

The field experiments were carried out in 2013 at the research farm of Sari Agricultural Sciences and Natural Resources University, Sari, Iran. Weather data were collected at a nearby climate station (12 km). Figure 1 illustrates precipitation during the growing season. The soil texture was clay loam with a pH of 7.4, containing 0.98% organic carbon, 100 ppm available potassium, and 1.8 ppm available phosphors. Soil moisture (volumetric water content) at field capacity in the plant root-zone was 30% and bulk density was 1.36 g/cm3. The experimental area was divided into 32 plots of 3 × 2 m2 (length × width). Plots of peppermint explants (5 cm pieces of rhizomes) were planted on May 7, 2013. Each plot consisted of five rows with 3 m length, 40 cm between rows, and a distance of 20 cm between plants in the rows.


[image: Figure 1]
FIGURE 1. Daily rainfall during growth period.


The experimental design was a randomized complete block with four replications and eight irrigation treatments. Irrigation treatments included full irrigation (FI) that received 100% of evaporation demand; regulated deficit irrigation (RDI) consisted of RDI85, RDI70, RDI55, and RDI40 receiving 85, 70, 55, and 40% of FI treatments at each irrigation event; the partial root-zone drying (PRD) strategy consisted of PRD70, PRD55, and PRD40, respectively receiving 70, 55, and 40% of FI treatments in one side of the root-zone at two irrigation events. Plant water use (evapotranspiration) was estimated by monitoring water balance components in the soil. A soil water balance ingredient consists of surface runoff, drainage, soil water storage, irrigation, and precipitation. Water was applied in 2-day intervals and the rates of irrigation amounts were planned below the infiltration rate to confirm no losses to deep percolation or surface runoff. Drainage was also presumed to be zero. Because based on Equation (5), irrigation amount was calculated regarding the root-zone depth. Also, moisture changes were monitored in 10-cm interval with TDR probes. In almost all the growing seasons, no changes were observed in the 20-cm probe. It means no water drained out from the root-zone. Also, two observation wells around the field were monitored for water table variation and no changes were observed during growing seasons. Indeed, water balance components, which were involved as input, were irrigation and rainfall. Net irrigation requirement (In. mm) was determined based on the following equation:
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Where θFc and θBi are volumetric soil water content at field capacity and before irrigation (%), respectively; Di is soil layer depth (mm); i is layer number and n is a number of layers; θFc was measured in the field and laboratory before planting time. θBi was measured by time domain reflectometer sensors (TDR), before each irrigation event. IDRG SMS T-2 TDR probes (DurUntash Lab, USA) were installed in two layers, measuring the soil moisture variations in 10-cm intervals. TDR probes were calibrated by measuring soil volumetric moisture in the laboratory. Volume of water that should have been applied to each treatment was calculated by multiplying its percentage by irrigation amount from Equation (5). Water application efficiency in the irrigation system was assumed to be 80%. A drip irrigation system with two parallel drip lines with emitters of every 20 cm with a flowrate of 4 L per hour for each row in the plot was used to apply the irrigation treatments. The radius of the surface wetted by each dripper was about 12 to 15 cm. Soil moisture was monitored on both sides of the plant with TDR probes to check if the expected water deficit occurred in the root environment in PRD treatments. All plots were irrigated to the same amount to set up uniform stands across all plots. Deficit irrigation treatments were implemented 40 days after planting on June 17, 2013. The volume of irrigation applied to each one of the plots was measured by flow meters.

Plants were harvested in the mid-flowering stage, 92 days after planting after removal of two adjacent rows of plants and 30 cm from each side on August 6, 2013. Plants in cutting season 2 were harvested on October 7, 2013. Plants were weighed for fresh herbage yield, air-dried in the shade for 1 week, and then they were weighed for biological yield. Essential oil contents from flowers and aerial parts were determined using a Clevenger apparatus. Air-dried flowers and leaves were finely ground and 80 g was subjected to 500 ml of water distillation for 3 h using the Clevenger apparatus.

According to the efficiency chain, the first step would be the amount of water used to produce fresh herbage yield. Then we obtained the dried yield. After that, we extracted the essential oil from leaves and aerial parts. Therefore, our chain of efficiencies was as follows:

[image: image]

[image: image]

To calculate improvements (Δ) achieved in each step and for each treatment, the below equation were applied.
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In Equation (8), Δ1 is the improvement fraction related to new results after implementing treatments. Based on Equation (4), new total efficiency would be determined by multiplying the old efficiency by the multiplicand of each stage improvement factor (1 +Δi).

One-way analysis of variance (ANOVA) was used to determine treatment effects, with means discriminated by applying Duncan multiple range test (p < 0.05) in SPSS version 21. Furthermore, to distinguish effects of irrigation volume and placement on each step efficiency, two-way ANOVA was used for the RDI70, RDI55, and RDI40 and corresponding PRD treatments: PRD70, PRD55, and PRD40.



RESULTS AND DISCUSSION

Yield and yield components and essential oil yield are summarized in Table 1. Irrigation treatments had a significant effect on all yield parameters except leaves and aerial parts. Fresh herbage yield increased with increasing the depth of applied water. Maximum fresh herbage yield corresponded to FI treatment (9,427 kg.ha−1) whereas the lowest one was observed in RDI40 treatment (5,729 kg.ha−1). Significant reduction in fresh herbage yield as a result of water deficit was also reported by Ghanbari and Ariafar (2013) and Esmaeilzade et al. (2019) in peppermint, Okwany et al. (2011) and Meskelu et al. (2014) in spearmint, Khalil et al. (2010) and Ekren et al. (2012) in basil, and Ozturk et al. (2004) in lemon balm. There was no significant difference between FI and RDI85 and PRD70. PRD treatments outperformed RDI treatments in term of fresh herbage yield.


Table 1. Effect of deficit irrigation management on fresh herbage yield, dried yield, leaves and aerial parts weight, and essential oil yield of peppermint in the 1st and 2nd cutting seasons.

[image: Table 1]

Biological yield significantly decreased by implementing deficit irrigation practices. Similar to the results of fresh herbage yield, the highest biological yield was achieved in FI treatment (1,942 kg.ha−1) and the lowest one was observed in RDI40 treatment (1,288 kg.ha−1). There was no significant difference between FI, PRD, and RDI treatments except RDI40 in biological yield. In herbaceous plants, yield components consist of leaves and stems. There was no significant difference in leaves weight, stem, and wooden parts weight between treatments. However, there was a downward trend in both PRD and RDI treatments, which caused a considerable reduction in fresh herbage yield and biological yield. Significant decrease in leaves weight and dried herb yield were reported by Ekren et al. (2012) in purple basil and Esmaeilzade et al. (2019) and Ghanbari and Ariafar (2013) in peppermint.

According to Table 1, the highest oil yield was achieved in PRD70 treatment (23.67 kg/ha) and the lowest one was obtained in RDI40 treatment (11 kg/ha). Despite decreasing irrigation regimes, there was no significant difference between RDI and FI treatments. In RDI treatments, essential oil yield indicated an upward trend to RDI70 treatment and after that, it decreased with applying more water deficit levels. Applying PRD70 and PRD55 significantly increased oil yield. PRD treatments outperformed RDI treatments in terms of oil yield and it was more than full irrigation treatment. The upward trend and significant increase in essential oil ratio in medicinal and aromatic plants affected by water deficit have also been documented by Nakawuka et al. (2014) in spearmint, Ghanbari and Ariafar (2013) and Charles et al. (1990) in peppermint, Ozturk et al. (2004) in lemon balm, Ekren et al. (2012) in purple basil, and Rahmani et al. (2012) in marigold. Ghanbari and Ariafar (2013) reported that maximum oil ratio achieved in 30 percent of field capacity and highest stem weight belonged to 70 percent of field capacity, whereas the highest oil yield was achieved in 50 percent of field capacity in peppermint.

Tables 2–4 demonstrate the results related to the efficiency of each step in the essential oil production process and improvements achieved in each step. Total water to the plants in FI treatment, including irrigation volume and rainfall, for the first growing season was 2,022 m3 and for the second growing season was 1,820 m3. Figure 2 shows the total water depth (irrigation + rainfall) delivered to the plant during the first growing season. In the second growing season, because of heavy rainfalls, just five irrigation events were applied and most of the water was supplied from rainfall.


Table 2. The efficiency of each step in an essential oil production process in cutting season 1.
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Table 3. Evaluation of the effect of the deficit method and deficit volume on improvement of efficiency in an essential oil production process in cutting seasons 1 and 2 compared to FI.
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Table 4. The efficiency of each step in an essential oil production process in cutting season 2.
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[image: Figure 2]
FIGURE 2. Water depth (irrigation + rainfall) delivered to the plant in each irrigation event in FI treatment during the first growing season.


The highest efficiency in fresh herb yield was achieved in PRD40 which was expected. Highest efficiency without significant difference with the highest yield achieved in PRD70 had as much as a 5.52 and 21.3% improvement compared to FI treatment. The highest efficiency in fresh herb yield conversion to dried yield was achieved in RDI55. Highest efficiency without significant difference with highest dried yield achieved in PRD40 has as much as a 0.26 and 31.1% improvement compared to FI treatment. According to the non-significant difference among leaves and aerial parts' highest efficacy and improvement, both were observed in RDI40 to be as much as 0.63 and 16.1% compared to FI treatment. In the bottommost stage, which was essential oil yield from leaves and aerial parts, the highest improvement in efficiency achieved in PRD55 was about 90.73% compared to FI treatment.

Ghanbari and Ariafar (2013) believed that water deficit would rise the oil percentage of aromatic and medicinal plants. In moisture deficit conditions, secondary metabolites will be produced to prevent oxidization in plant cells. Rahmani et al. (2012) also support this idea that an increase in essential oil ratio is a response to water deficit to reduce the intercellular oxidative damages in the marigold plant. Charles et al. (1990) demonstrated that water deficit might influence essential oil accumulation indirectly by the impact on net assimilation or splitting of plant growth and differentiation processes. Diminution in growth induced by water deficit could result in a new pattern of resource dividing, probably supplying more carbon skeletons for oil accumulation and synthesis. In addition, enzymes production in the Calvin cycle should be synchronized to prevent an over excitation of the electron transport chain leading to structural damage by accumulation of reactive oxygen species (ROS) in drought stress conditions. Selmar and Kleinwächter (2013) stated that the absorption of CO2 will be declined along with closing stomata in the absence of water and it could result in intensification of secondary metabolites production. Therefore, the expenditure of reduction equivalents like NADPH+H+ will be decreased greatly in the Calvin cycle for CO2 stabilization. It will cause an oversupply of NADPH+H+ and push forward the composition of highly reduced ingredients like essential oils. For instance, changes in the essential oil content and composition in Lamiaceae species under water deficit have been reported by different studies like Khorasaninejad et al. (2011) and Nowak et al. (2010).

In the ΔE1 parameter, in both cutting seasons, increasing drought level and applying PRD resulted in more improvement compared to FI treatment (Figures 3, 4). According to Table 3, this improvement was significantly due to drought level with no affect by the deficit applying method. In both cutting seasons, for ΔE2 and ΔE3, there was no cohesive trend in changes, and deficit volume and deficit method had no significant role in observed differences (Figures 3, 4; Table 3). In the first cutting season, raising deficit level and changing the deficit applying method had a significant effect on efficiency improvement in the amount of essential oil extracted from leaves and aerial parts (Figure 3; Table 3). Against that, in cutting season 2, despite of decrement in efficiency improvement, two factors of drought level and deficit applying method had no significant role in this reduction (Figure 4; Table 3).


[image: Figure 3]
FIGURE 3. The percentage of an improvement in the efficiency of each step in the 1st cutting season compared to FI. *Δ: Parameter from Equation (8).



[image: Figure 4]
FIGURE 4. The percentage of an improvement in the efficiency of each step in the 2nd cutting season compared to FI. *Δ: Parameter from Equation (8).


Water productivity improvement was affected (increased) significantly by the deficit applying method. Increasing drought level had no significant effect in changes of improvement, which were observed in water productivity of the essential oil production process. This implies the contribution of the PRD technique to enhance more signals than RDI-based signals, which resulted in more improvements in the secondary metabolism product in peppermint (Figure 5A; Table 3). In the second cutting season, despite increasing improvement in water productivity, no significant affect was caused by drought level or deficit applying method (Figure 4; Table 3).


[image: Figure 5]
FIGURE 5. Percentage of improvements in total WP of essential oil production (A) in the first cutting season and (B) in the second cutting season. For a given variable in the chart bars, mean values not sharing common letters are significantly different (P ≤ 0.05), Duncan test.


According to Figure 5A, with WP of essential oil production as the main phase, PRD55 treatment had the highest improvement of as much as 179% compared to FI treatment which had no significant difference with PRD70 treatment in oil yield. In second season, the highest improvement in essential oil production observed in PRD40 treatment, though there was no significant difference between RDI and PRD treatments (Figure 5B). Both regulated deficit irrigation and partial root-zone drying enhanced water productivity of the oil production stage. According to Table 2, the stage with the lowest efficiency in essential oil production was leaves and aerial parts from dried yield. Regarding Equation (3) and the chain feature of efficiencies, farm management strategies should be applied to improve efficiency of this step. Results in recent studies on WP of the essential oil production process show that WPs observed in FI and RDI treatments in this study were in the same range with other findings. Sharma and Kanjilal (1999) showed that changing plant density would cause increasing leaves to stem ratio. In addition, Alsafar and Al-Hassan (2009) and Poshtdar et al. (2016) demonstrated that optimizing fertilizer use rate has a positive effect on peppermint leaves yield. Applying these management approaches alongside deficit irrigation practices will induce the efficiency of this step which, because of the multiplication property of efficiencies, has a great influence on the WP of essential oil production.



CONCLUSION

High values of total efficiencies of oil production in Table 2 and Figure 2 in PRD treatments compared to FI and RDI treatments show the high performance of this deficit irrigation strategy. Applying the PRD technique, along with an investigation into the efficiency obtained in each stage, demonstrated that this technique, in addition to quality enchantments effects, could also be applied for efficiency betterment. With studying WP of the essential oil production in peppermint with chain features included, the phase with the lowest efficiency could be recognized so that it could be adjusted with a specific management plan. In this study, leaves and aerial parts production as main source of essential oil had the weakest function, which should be optimized to adjust and gain more efficiency. This implies the importance of other management strategies beside deficit irrigation practice for gaining optimum yield from the unit of water delivered to the field.
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RDl7o 7,122
RDlss 5,729%
RDlo 5,200°

PRD7o 7,824%
PRDss 6,554°%
PRD4o 5,961%

1st cutting season
Driedyield  Leaves and aerial
[kg ha~"] parts [kg ha~']
1,9420 1,104
1,908° 1,0772
1,726%° 925°
1,636% 8o7*
1,288% 805"
1,833% 991°
1,581% 8,66
1,568% 935

Essential oil
[kg ha~']

14.140
14.52°
15.36°
14.74°
11.00°
23.67°
21.29°
14.57°

Fresh herbage
yield [kg ha~"]

76872
7,044%
7,556
6,244%
5,570°
6,006
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2nd cutting season

Driedyield  Leaves and aerial
[kg ha='] parts [kg ha~"]
17540 9022
16820 817
1875 1,028°
1,607% 7572
1,422° 621
1,686% 887%
1,500° 739°
15412 8282

“For a given variable in each column, mean values not sharing common letters are significantly different (P < 0.05), Duncan test.

Essential oil
[kg ha="]

10,015
9.74
14.58%
10.55%
777°
17.05°
14.14%
11.49%





OPS/images/frwa-03-682640-g003.gif
271 AE,
M s
. .
o - o o e e
AE,
i
: _ /
s
o sox o on o o






OPS/images/frwa-03-682640-g004.gif
N .
o = -

T -

Bl b AE, DI ——

) . 01 et

HA fo

: o]

. J§ S
e e -






OPS/images/frwa-03-682640-t004.jpg
Treatment

Fl
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RDlro
RDlss
RDlso
PRD70
PRDss
PRD1o

*Eq

a4
4559
598
6.240¢
7.65%
471
5.46%¢
8.62°

Ex

0.243
0.242
0.24%
0.26%
0.26*
0.27*
0.29*
0.24*

Es

0518
0.48*
0.53%
0.6
0.44%
0.56*
0.6%
0.54*

E4 (Essential oil
ratio)

0.011¢
0.012%4
0.014°
0.014>
0.012%¢
0.019°
0.019°
0.013%

Eoveral

0.0055°
0.0063%
001142
0.0105%
0.0107%
0.0134°
001412
0.0154%

“For a given variable in each column, mean values not sharing common letters are
significantly different (P < 0.05), Duncan test.
“ Efficiency parameters from Equations (6, 7).
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6.54%
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Ez

0.209°
0.2312
0.249%

027
0.246*
0.239%
0.246*
0.267%

Es

05622
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0.626°
0.5412
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0.599%

Eq (Essential oil
ratio)

0.0131¢
0.0136°
0.0167°
0.0165°
0.0137¢
0.0238%
0.0245%
0.0153%

Eoveral

0.007¢
0.0084¢
0.0108%
0.0133%
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001672
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“For a given variable in each column, mean values not sharing common letters are
significantly different (P < 0.05), Duncan test.
*Efficiency parameters from Equations (6, 7).
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Ns, Non-significant; For a given variable, mean values are significantl different (P < 0.05),
two-way ANOVA.
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