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Water is one of the most important environmental factors in agriculture. Drought annually damages 
agricultural products. This loss can be reduced by some strategies. Pot and field experiments were conducted 
to assess the effect of wick irrigation on growth, yield and water use efficiency of maize, foxtail millet, and 
bitter vetch. Irrigation treatments included wick and surface irrigation (control) methods. Results of the pot 
experiment showed that wick irrigation had higher total fresh weight, total dry weight, and water use efficiency 
as compared to surface irrigation in both foxtail millet and bitter vetch. In foxtail millet, wick irrigation also had 
higher leaf to stem ratio, plant height, leaf relative water content and leaf area compared to surface irrigation. 
Results of the field experiment showed that wick irrigation increased specific leaf weight, water use efficiency, 
stem diameter, leaf fresh weight, total fresh weight, leaf dry weight, total dry weight, and leaf to stem ratio, 
but had similar fresh and dry stem weight and plant height compared to surface irrigation in maize. It is likely 
that the reduction in surface evaporation, reduced water consumption, and increased dry matter resulted 
in increased water use efficiency in wick irrigation. Overall, wick irrigation had higher water use efficiency, 
biomass, and plant growth compared to surface irrigation in maize, foxtail millet and bitter vetch.
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INTRODUCTION

Drought is one of the main problems of agriculture in arid and semi-arid regions. Drought has 
restricted almost 25% of the world’s land production (Valadabadi and Aliabadi Farahani, 2008). Iran 
is located in an arid area and water is a vital element for crop growth and development, so strategies 
that can significantly reduce water consumption, improve water use efficiency and increase the 
productivity of field crops have been the focus of many researchers. Agriculture is often hampered by 
insufficient rainfall. Therefore, proper irrigation systems are required since they can guarantee crop 
yields (Car, 2012).

High evapotranspiration is characteristic of arid and semi-arid regions. There are also limited water 
resources in these areas (Lehmann et al., 2019). The use of conventional irrigation methods such as 
surface irrigation results in high moisture losses due to evapotranspiration. The use of subsurface 
irrigation methods may be able to reduce moisture loss (Hansona, 1997). Wick irrigation is a 
subsurface irrigation system that relies on capillary flow. In this method, water is moved from a water 
reservoir directly through a wick to the root zone (Yeager et al., 2004). The wick irrigation system 
is made of a water reservoir, hose, and wick. The hose protects the wick moisture from evaporation. 
The main component of the wick irrigation system is the wick, which provides water to the plant root 
as needed. The wick component draws water from the reservoirs to the plant root zone. The wick 
can be made of cotton, nylon, blanket materials or polyester cloth materials (Wesonga et al., 2014). 
The best material in terms of cost, durability, and capillary is glass wool. Plastic materials such as the 
wastewater bottles or PVC pipe can be used to prepare the water reservoir. If the plants are planted 
in pots, then after filling the pot with soil and planting the plant in the pot, about 10 cm of the wick 
should be placed in the soil to bring water to the root zone. Water will be conducted to the root zone 
by capillary movement so the soil is not flooded and gradual moisture is provided to the soil and 
roots of the plant. The gradual consumption of water in the soil reduces the evaporation level and 
the plant will have constant access to water. The wicks provide water and nutrients from the solution 
in which they are placed as needed by the plant. Therefore, this irrigation method is an automatic 
irrigation system that reduces the need for labour (Joseph, 2016).

There is currently much research interest in small-scale irrigation systems for small farmers. 
Laboratory studies have been performed to investigate the hydraulic properties and efficiency of 
cotton materials for use as wick emitters. In addition, greenhouse studies have been performed 
to simulate the movement of water and elements in the eggplant root zone (Muhammed, 2016). 
Eggplant was grown in the greenhouse in two growing media (peatgro and sandy clay loam) under 
the wick irrigation system in Malaysia. The simulation of water distribution showed that wetted 
zone extension depended on water application periods and the hydraulic properties of the medium 
(Rowshon et al., 2019). In a study on turnip, some clay pitchers had holes drilled in the bottom and 
wicks placed in them (W1), some other pitchers had holes drilled in the middle of the pitcher (W2) 
while the rest were used without drilling and without wick (P1). The crop water productivities in 
treatments of P1, W1, and W2 were 29.2, 16.9, and 24.32 kg/m3, respectively (Bhayo et al., 2018).
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Among the various subsurface irrigation systems, a wick irrigation 
system is a suitable method for controlling the use of fertilizers, 
water and pesticides, and improving production efficiency, 
and is widely used in places with high evapotranspiration (Oh 
et al., 2007). In a study conducted by Semananda et al. (2018), 
the results showed that traditional capillary irrigation systems 
had higher crop yield and water use efficiency compared to 
conventional irrigation methods. In the experiment, a nutrient 
film technique (NFT) hydroponic system had an 83% lower 
leaf area in greenhouse lettuce (Lactuca sativa L.) than a wick 
irrigation system with wicks made of either pine bark (WPB) or 
coconut coir (WCC) (Ferrarezi and Testezlaf, 2014). The fresh and 
dry shoot weights with NFT were 58% and 24% lower than with 
WPB and WCC, respectively. Wick irrigation had a yield increase 
of 54.6% in tomato (Solanum lycopersicum) when compared to 
the basin irrigation method; and an 82.43% water-saving was 
obtained using wick irrigation (Bhatt and Kanzariya, 2017). 
Increased yield by wick irrigation occurs because water is applied 
directly to the roots, thus minimizing drainage and evaporation 
losses and ensuring that water is more efficiently provided to the 
plant than with the basin irrigation method.

In a study on three methods of irrigation – sprinkler, subsurface, 
and wick – it was reported that wick irrigation is an effective 
method for producing high quality azaleas (Million et al., 2007). 
In another study, soil substrates made of Smart Capillary Barrier 
Wick (SCB-W), containing silt loam blocks enclosed in sand-
sheathes and watered with a sand wick cylinder had higher water 
storage (by 44.3–52.4%) than control substrates (homogenous 
soil irrigated by the same wick system). SCB-W can be suggested 
as a method to improve water conservation in home gardens  
(Al-Mayahi et al., 2020). Water productivity of green pepper 
(Capsicum annuum L.) grown in the field under wick irrigation 
system (36.6 g/L) was higher than with drip irrigation (9.9 g/L). 
A similar trend was observed for eggplant (Solanum melongena 
esculentum) (Orge and Sawey, 2019).

One type of irrigation system that works similarly to wick 
irrigation, in that water is provided below the surface, is subsurface 
drip irrigation. Subsurface drip irrigation has been shown to lead 
to a quantitative and qualitative increase in yield and water use 
efficiency compared to surface irrigation (Thompson et al., 2009). 
Sub-surface drip irrigation has resulted in crop water productivity 
and irrigation water productivity increases of 24.95% and 19.59%, 
respectively, when compared to flood irrigation. Plants irrigated 
by the sub-surface method showed higher water use efficiency and 
lower transpiration rates compared to those subjected to flood 
irrigation. Sub-surface irrigation optimized seed yield and reduced 
water loss to defeat drought in winter wheat (Umair et al., 2019). 
The benefits of sub-surface irrigation include a reduction in deep 
percolation, soil salinity control, and net income increase (Hanson 
and May, 2003). In a study by Singh et al. (2009), drip irrigation 
had the greatest effect on growth parameters such as plant height, 
leaf area index, and dry matter compared to surface irrigation.

Due to the lack of water resources in arid and semi-arid regions, it 
is necessary to make maximum use of available resources. In arid 
and semi-arid regions, the rate of evapotranspiration is higher 
than rainfall. Due to the high evapotranspiration potential, the 
use of surface irrigation methods is not advised, and subsurface 
irrigation could be more appropriate. Wick irrigation is one of the 
methods that has not received much attention from researchers. 
There has been little research on water use efficiency and dry 
matter production under wick irrigation, and the research that 
has been done in this field has often been preliminary and focused 
on wick construction. This research therefore aimed to conduct 
a comprehensive study, including measuring plant growth traits, 
plant physiological traits, and water use efficiency under wick 
irrigation conditions, and specifically examining the water use 

efficiency and dry matter production of foxtail millet, bitter vetch, 
and maize under the wick irrigation method.

MATERIALS AND METHODS

Pot experiments

The pot experiment was conducted at the greenhouse at the 
Agricultural and Natural Resources Campus, Razi University, 
Kermanshah, in 2016. Foxtail millet (Poaceae) and bitter vetch 
(Fabaceae) were selected as test crops and tested separately. The 
experimental layout was a completely randomized design with 3 
replications. Experimental treatments included wick irrigation 
and surface irrigation (as control). On 8 November 2016, for each 
crop type, 6 pots with a diameter of 15 cm and a height of 20 cm 
were prepared and filled with field soil and kept in the greenhouse. 
After emergence, the weak seedlings were removed, and the healthy 
seedlings were thinned to 10 plants per pot. In surface irrigation, 
the water requirement of the plant was determined visually with the 
help of soil colour and plant symptoms such as leaf turgor. Before the 
experiment, a pot containing soil only was placed in the greenhouse 
and irrigated before the soil dried out completely, to determine the 
appropriate irrigation interval. The field capacity of the pot was 
determined visually with the help of the soil colour change due to 
wetting. Water was gradually added to the pot, until it was observed 
that the soil was completely wet. In the surface irrigation pots, water 
consumption was based on atmospheric demand, and the timing 
of irrigation was determined visually by plant and soil symptoms, 
while aiming not to expose the plant to drought stress during the 
growing season. In wick irrigation, water consumption was based 
on atmospheric demand and the water reservoir was refilled before 
the water in the water reservoir ran out. The water consumption of 
each plant is given in Tables 1 to 3. Greenhouse air relative humidity 
and temperature were 50% and 20°C, respectively.

Field experiment

The field study was conducted at The Research Field, Agriculture 
and Natural Resources Campus, Razi University, Kermanshah, Iran 
(34°21’ N, 47°09’ E, and elevation 1 319 m amsl) in 2015. The field 
experiment was performed as a randomized complete block design 
with 3 replications. Experimental treatments included a surface 
irrigation regime and wick irrigation regime. The seedbed was 
prepared uniformly. In this study, maize (CV. SC. 704) was used. 
The distance between experimental plots was 1 m and, due to the 
limited water transfer by wicks, the dimensions of each experimental 
plot were small, at 1 m × 2 m. Each plot included 3 rows of maize 
plants. For the first month after planting, all treatments were 
surface-irrigated every 2 days. After this period, the wick system 
was designed and applied in the wick irrigation treatment. The 
water reservoir in the wick system was regularly filled up. Water 
consumption for the wick and surface irrigation treatments was 
recorded. In the surface irrigation treatment, (control) water was 
applied conventionally using the basin irrigation method. The soil 
around the plots was raised so that there was no run-off. Water was 
then applied to each plot and the soil was flooded, once a week. 
Soil and water electrical conductivity (dS/m) were 1.6 and 0.6, 
respectively. Figure 1 shows the basic climatic data which applied 
during the plant growth period (Weatherunderground, 2022).

Wick irrigation system

A tool was made for wick irrigation, which consisted of a reservoir, 
a hose and a wick. The reservoir included a water inlet valve, an 
inlet valve cap and a hole for interring the wick. The hose acts as a 
protector for the wick and conducts the wick from water reservoir 
to below the surface of the soil and to the plant root zone. It also 
protects the wick and moisture of the wick against sunlight and 
wind. Wick draws water from the reservoir to the root zone by 
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Figure 1. Climatic data for Kermanshah where the field experiment 
was conducted 

capillary movement. The wick was made of cotton to easily absorb 
water and make it available to the plant roots. As can be seen in Figs 
2 and 3, each water reservoir has 3 outlets for wick irrigation; each 
outlet was allocated to one pot in the pot experiment or one plot 
in the field experiment. The field experiment was conducted on a 
small scale, the reason being that water transfer with wicks from 
the water reservoir to the field soil can be disrupted. At the end of 
each wick, about 10 cm of the wick was outside its protection, the 
hose, so that the wick was in direct contact with the soil. The wicks 
were placed at a depth of 10 cm in the soil to provide moisture to 
the roots of the plants and so that less moisture reached the soil 
surface, thus reducing soil evaporation. During the experiment, 
the outflow from the wicks was checked (the soil around the wicks 
was inspected) to ensure that the wicks were working.

Plant trait measurements

On 22 December 2016, when foxtail millet and bitter vetch 
plants reached the desired growth, pots were transferred to the 
laboratory. Four plants per pot were randomly selected and stem 
fresh weight, leaf fresh weight, total fresh weight, stem dry weight, 
leaf dry weight, total dry weight, leaf to stem ratio, plant height, leaf 
relative water content, leaf area, leaf number, specific leaf weight, 
and water use efficiency were measured. In the field experiment, 
6 maize plants per plot were randomly selected to measure stem 
fresh weight, leaf fresh weight, total fresh weight, stem dry weight, 
leaf dry weight, total dry weight, leaf to stem ratio, stem diameter, 
plant height, leaf relative water content, leaf area, specific leaf 
weight, and water use efficiency. Plants were cut before tasseling.

A ruler was used to measure plant height and main stem length. 
The leaf numbers were also recorded. To determine the relative 
water content of the leaf, one of the plants was cut and its leaf 
blades were separated. Leaves were weighed immediately to 
measure fresh weight. Then leaves were saturated in distilled water 

for 16 to 18 h to measure turgid weight. The leaves were then laid 
in an oven at 70°C for 24 h and their dry weights obtained. Finally, 
the relative water content of leaves was calculated based on Eq. 1 
(Turner and Kramer, 1980).

RWC% = (FW-DW) / (TW-DW)                        (1)

where RWC is relative water content of leaf (%), FW is leaf fresh 
weight (grams per plant), DW is leaf dry weight (grams per plant), 
TW is leaf turgid weight (gram per plant).

For measuring parameters such as leaf fresh weight, stem fresh 
weight, stem dry weight, leaf dry weight and total dry weight, 
an accurate electronic scale with a precision of 0.001 g was used. 
Foxtail millet and maize leaf area (LA) were calculated from  
Eq. 2 (Heidari, 2012).

LA (cm ) = leaf width (cm)  leaf length (cm)  0.752 × ×       (2)

Specific leaf weight (SLW, g/cm2) was calculated using leaf dry 
weight (LDW, gram per plant) and leaf area (LA, cm2) according 
to Eq. 3 (Heidari, 2012).

SLW= LDW
LA                                          (3)

Water consumption was measured using a graduated container, 
i.e., before pouring water into the soil in the surface irrigation 
method, the volume of water used was measured. In the wick 
irrigation method, the volume of water poured into the wick 
irrigation reservoir was measured with a graduated container, 
and if the reservoir water ran out, the required amount was added 
from the graduated container. Water consumption was calculated 
cumulatively for the whole growth period.

Water use efficiency (WUE) was calculated based on Eq. 4  
(Farre and Faci, 2006):

WUE = Bi
Wap

                                         (4)

where Bi is produced biomass (g) and Wap is water consumption 
(m3).

Statistical analysis

The data were analysed using SAS software (Version 9.2). The 
means were compared using LSD test at p = 0.05.

Figure 2. A view of the wick irrigation system in the pot experiment

Figure 3. A view of the wick irrigation system in the field experiment. a: 
Experimental plot, b:  water reservoir, c: hose, d: wick, e: water inlet valve, 
f: water reservoir handle, g: location of the wick in the root environment
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RESULTS AND DISCUSSION

Leaf, stem and total fresh weight

Comparison of means showed that wick irrigation increased the 
leaf, stem, and total fresh weight in both foxtail millet and bitter 
vetch plants compared to surface irrigation (Tables 1 and 2). In 
maize, there was no significant difference between irrigation 
methods in terms of stem fresh weight, but wick irrigation 
increased leaf and total fresh weight compared to surface irrigation 
(Table 3). In surface irrigation, the water is periodically available 
for the plant; the plant is therefore exposed to drought during 
each irrigation interval. Under drought conditions, dehydration 
occurs and cell size reduces. The shoot is more sensitive to these 
occurrences than the roots, so more photosynthetic reserves 
are allocated to the roots and the weight of the aerial parts is 
reduced (Nakhaei et al., 2013). Increasing stress reduces the leaf 
area index and turgor pressure in the cells. Reduction in turgor 
pressure causes less water to remain inside the cells, resulting 
in reduced cell volume, cell weight, and ultimately forage yield  
(Haji-Hasani-Asl et al., 2010). It has been reported that fresh weight 
loss by increasing irrigation intervals may occur due to lower 
photosynthesis and too much water loss from leaves (Rauf, 2008). 
Drought decreases photosynthesis and decreases plant growth by 
closing stomata and decreasing leaf area (Moosavi et al., 2011).

One of the problems of surface irrigation is runoff. Some 
nutrients, especially nitrate and phosphate, enter water resources 
through runoff and cause pollution of groundwater and surface 
water (Ferrarezi et al., 2015). Subsurface irrigation improves 
plant growth by maintaining leaf water, causing early maturity, 
and reducing weeds, pests, and disease damage (Fanish, 2013). 
Probably, wick irrigation has minimized water loss to the depths 
of the soil as well as wetting the soil surface, which could reduce 
surface evaporation. Despite less water consumption during wick 
irrigation, more water is available for the plant root so drought is 
postponed and plant fresh weight is maintained.

Leaf, stem and total dry weight

Comparison of means showed that wick irrigation compared 
to surface irrigation increased leaf dry weight, stem dry weight, 

and total dry weight in both foxtail millet and bitter vetch plants 
(Table 1, 2). In maize, there was no significant difference between 
irrigation methods in terms of stem dry weight, but wick irrigation 
increased leaf and total dry weight compared to surface irrigation 
(Table 3). Access to soil water is the most important factor in 
determining crop yield in semi-arid areas (Stone et al., 2001). 
High evapotranspiration and water resource restriction reduce 
the growth period and decrease the yield of crops (Payghozar 
et al., 2009). In a study on millet, it has been declared that with 
increasing irrigation intervals and drought, the growth rate and 
yield components of millet decreased significantly and eventually 
caused a significant decrease in biological yield (Hayati et al., 2012).

Reasons for increased plant growth in subsurface irrigation 
include less water consumption (James and Van Iersel, 2001), ease 
of use of pesticides (Rouphael et al., 2006), reduced growth period 
(Pennisi et al., 2005), and reduced disease (Oh and Son, 2008). 
In subsurface irrigation water is supplied at depth and is directly 
available to the root. As a result, the water in the plant root zone is 
less susceptible to wind loss and evapotranspiration (Kieffer and 
Campbell, 2009). In wick irrigation, water is constantly available 
to the plant. This can improve plant growth and thus increase dry 
yield compared to surface irrigation.

Low water flow in wick irrigation can improve plant rhizosphere 
ventilation and control runoff and soil erosion. One of the 
problems of surface irrigation is soil crusting. Soil crusting can 
restrict plant growth and increase evaporation (Lal and Stewart, 
2012). In surface irrigation, it appears that high water volumes 
cause the soil pores to be filled with water, which can be a factor 
in reducing oxygen availability, and hindering the development of 
the plant root and shoot (Brisson et al., 2002).

Leaf to stem ratio

Comparison of mean values showed that wick irrigation increased 
the leaf to stem ratio of foxtail millet and maize compared to 
surface irrigation (Tables 1 and 3). But in bitter vetch plants there 
were no significant differences between the two irrigation methods 
in terms of the leaf to stem ratio (Table 2). The high leaf to stem 
ratio in the millet plant represents plant investment in the leaves.  

Table 1. Comparison of mean values for foxtail millet traits under wick and surface irrigation

Irrigation 
method

Stem fresh 
weight 

(g)

Leaf fresh 
weight 

(g)

Total fresh 
weight  

(g)

Stem dry 
weight 

(g)

Leaf dry 
weight 

(g)

Total dry 
weight 

(g)

Leaf to 
stem 
ratio

Plant 
height 

(cm)

Leaf relative 
water 

content (%)

Leaf 
area 
(cm2)

Leaf 
number

Specific  
leaf weight  

(g/cm2)

Water 
consumption 

(mL)

Water use 
efficiency 

(g/m3)

Wick 0.39 a 0.29 a 0.68 a 0.05 a 0.07 a 0.12 a 1.70 a 16.86 a 90.63 a 195.4 a 10.0 a 0.003 a 24 5 066 a

Surface 0.24 b 0.18 b 0.42 b 0.03 b 0.05 b 0.08 b 1.26 b 14.79 b 70.06 b 117. 6 b 9.3 a 0.004 a 83 960 b

Means in each column with the same letter have no significant difference based on LSD test

Table 2. Comparison of mean values for bitter vetch traits under wick and surface irrigation

Irrigation 
method

Stem fresh 
weight  

(g)

Leaf fresh 
weight 

(g)

Total fresh 
weight  

(g)

Stem dry 
weight 

(g)

Leaf dry 
weight 

(g)

Total dry 
weight 

(g)

Leaf to 
stem 
ratio

Plant 
height 

(cm)

Leaf relative 
water 

content (%)

Leaflet 
number

Water 
consumption 

(mL)

Water use 
efficiency 

(g/m3)

Wick 0.85 a 0.48 a 1.33 a 0.11 a 0.19 a 0.30 a 2.39 a 12.49 a 78.02 a 36.33 a 25 11 998 a

Surface 0.31b 0.39b 0.71b 0.06b 0.10b 0.16b 2.41a 13.55a 69.45a 38.66a 82 1 959b

Means in each column with the same letter have no significant difference based on LSD test

Table 3. Comparison of mean values for maize traits under wick and surface irrigation

Irrigation 
methods

Stem fresh 
weight  

(g)

Leaf fresh 
weight 

(g)

Total fresh 
weight  

(g)

Stem dry 
weight 

(g)

Leaf dry 
weight 

(g)

Total dry 
weight 

(g)

Leaf to 
stem 
ratio

Stem 
diameter 

(mm)

Plant 
height 

(cm)

Leaf relative 
water 

content (%)

Leaf 
area 
(cm2)

Specific  
leaf weight  

(g/cm2)

Water use 
efficiency 

(g/m3)

Water 
consumption 

(L)

Wick 7.66 a 8.38 a 16.05 a 1.17 a 1.38 a 2.55 a 1.24 a 8.01 a 13.30 a 72 a 51.10 a 0.03 a 127.58 a 19.99

Surface 6.32 a 4.34 b 10.67 b 0.80 a 0.87 b 1.68 b 1.08 b 6.05 b 14.33 a 67 a 62.37 a 0.01 b 101.90 b 16.49

Means in each column with the same letter have no significant difference based on LSD test
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This can be attributed to the timely and sufficient supply of 
water to the plant in wick irrigation. It has been argued that drip 
irrigation minimizes water loss by reducing surface evaporation 
and increasing penetration depth (Fanish, 2013). One of the 
reasons for the non-significant difference in bitter vetch leaf 
to stem ratio between the two irrigation methods could be the 
uniform effect of drought on dry matter compartmentation and 
dry weight loss in all above-ground parts (Nakhoda et al., 2000).

Plant height, leaf number, and stem diameter

In foxtail millet, wick irrigation increased plant height compared to 
surface irrigation (Table 1). Comparison of means showed that there 
was no significant difference between irrigation methods in terms 
of leaf number of millet, plant height and leaf number of bitter vetch 
and plant height of maize (Tables 1–3). Wick irrigation had a higher 
stem diameter than surface irrigation in maize (Table 3). In surface 
irrigation, water is available periodically and this may cause water 
stress to the plant between irrigation intervals. Hence, a reduction 
in plant height due to drought can be attributed to the disruption 
of photosynthesis. In this condition, dehydration occurs and the 
production of photosynthetic materials for aerial and growing parts 
of the plant is reduced. Finally, these conditions cause a failure to 
reach the genetic potential for plant height (Jamshidi et al., 2012; 
Jabbari et al., 2015). Other studies have also shown that drought 
reduces plant height (Moaveni et al., 2009) and stem growth and 
development (Payero et al., 2009). It has been reported that drip 
irrigation resulted in greater plant height in tomato plants than 
surface irrigation (Subba Reddy et al., 2015). One study concluded 
that stem diameter under subsurface irrigation was greater than 
that under surface irrigation (Davis et al., 2011).

Leaf relative water content

Comparison of means showed that wick irrigation increased the 
leaf relative water content of foxtail millet compared to surface 
irrigation (Table 1). In bitter vetch and maize, there was no 
significant difference between irrigation methods in terms of leaf 
relative water content (Table 2, 3). Since the leaf relative water 
content indicates the moisture content of the plant, the plant 
was likely exposed to moisture stress in surface irrigation. In a 
review by Fazeli Rostampour et al. (2010), it has been reported 
that the leaf relative water content is decreased under water 
stress. However, in wick irrigation, due to constantly keeping the 
moisture in the root zone, the plant was not exposed to moisture 
stress. High leaf relative water content may be due to mechanisms 
such as reducing water loss through the closing of the stomata, 
or because of greater water absorption through the roots and the 
ability to suck more moisture from the soil (Jiang and Huang, 
2001). Subsurface irrigation keeps the soil water content in the 
root zone at a desirable level. Also, the water required for the plant 
is slowly released and consumption can be controlled. This causes 
the soil water potential to be relatively high and water absorption 
becomes easy (Fanish, 2013). Under these conditions, the plant 
had a relatively good moisture content.

Leaf area and specific leaf weight

Comparison of means showed that wick irrigation resulted in a 
higher leaf area than surface irrigation in foxtail millet (Table 1). 
There was no significant difference between the two irrigation 
methods in terms of specific leaf weight in foxtail millet (Table 1).  
Wick irrigation had a higher specific leaf weight than surface 
irrigation in maize (Table 3). There was no significant difference 
between the two irrigation methods in terms of leaf area in 
maize (Table 3). Moisture deficit reduces leaf area index through 
reducing production and increasing leaf aging (Cakir, 2004). Also, 
reduction of leaf area is probably due to the reduction of cell size, 

leaf relative water content, cell division, leaf growth, leaf number, 
accelerated aging, and leaf loss (Lobato et al., 2008). Leaf area 
reduction is a plant response to stress as a result of water shortage. 
This response can reduce cell turgescence, leaf growth and 
development, and transpiration (Moosavi et al., 2011). Drought 
reduces water loss and transpiration and subsequently reduces 
leaf area and leaf number per plant (Khurana and Singh, 2000).

Water use efficiency

Comparison of means showed that wick irrigation increased 
water use efficiency compared to surface irrigation in foxtail 
millet, bitter vetch, and maize plants (Tables 1–3). Water use 
efficiency is an important tool for evaluating the productivity of a 
water consumption unit (Vimalendran and Latha, 2014). It seems 
that in wick irrigation the plant is less susceptible to drought. 
Thus applying moderate stress can lead to improved water use 
efficiency, but severe stress has an adverse effect on water use 
efficiency and causes a significant reduction (Mehrpuoyan and 
Faramarzi, 2011). In subsurface irrigation, water use efficiency 
increases compared to surface irrigation due to lack of surface 
evaporation and runoff, a decrease in deep percolation (Jiang 
and Huang 2001), and improvement of plant growth and soil 
moisture (Elhindi et al., 2016). Increased water use efficiency has 
also been reported in subsurface irrigation due to transpiration 
reduction, deeper growth of roots (Kieffer and Campbell, 2009), 
and efficient use of water and fertilizer (Reddy et al., 2017). In 
one study, the high water use efficiency in drip irrigation was 
mainly due to significant saving in the amount of irrigation 
water applied, increased yield of crops, and better nutrient use 
efficiency (Vimalendran and Latha, 2014). In addition, it has 
been reported that wick irrigation reduced water consumption 
by 86% compared to sprinkler irrigation, while plant growth was 
not reduced (Bryant and Yeager, 2002). Surface irrigation can 
reduce water use efficiency due to water loss by deep percolation, 
nutrients leaching out of the plant root zone, and reducing soil 
ventilation (Singh et al., 2009).

CONCLUSIONS

In this study, the wick irrigation method resulted in higher water 
use efficiency, biomass, and plant growth compared to surface 
irrigation in maize, foxtail millet, and bitter vetch. In the case 
of maize, wick irrigation resulted in water use efficiency and 
biomass increases of 25% and 52% compared to surface irrigation, 
respectively. In bitter vetch, wick irrigation resulted in water use 
efficiency and biomass increases of 512% and 87% compared to 
surface irrigation, respectively. In the case of foxtail millet, wick 
irrigation resulted in water use efficiency and biomass increases 
of 428% and 50% compared to surface irrigation, respectively. 
Wick irrigation is a new irrigation method for crop plants. 
Using this method can reduce water consumption, especially 
in arid and semi-arid areas. One of the possible reasons for the 
improvement in biomass and water use efficiency under wick 
irrigation compared to surface irrigation is that the water is 
provided directly to the roots of the plant. As a result, water in 
the root zone of the plant is less susceptible to evaporation due 
to factors such as wind. The low water flow in wick irrigation can 
improve plant rhizosphere ventilation and control runoff and soil 
erosion. One of the advantages of the wick irrigation method is its 
implementation with minimal facilities by smallholder farmers. In 
this method of irrigation, there is no need for a technically skilled 
workforce to maintain it, it saves time and labour, and is to an 
extent a form of automatic irrigation. The effect of wick diameter 
and length will be the subject of further study, along with other 
effects of wick irrigation such as soil capping, weed, erosion and 
salinity control, and pumping energy.
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