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ABSTRACT 
The importance of fertigation in increasing productivity with efficient and reduced consumption of 
water and nutrients with practically, no pollution is emphasized. In modern farming systems, fertigation 
is widely practiced as a cost effective and convenient method for applying soluble fertilizers to crops. 
Along with efficiency and adequacy, uniformity is an important fertigation performance evaluation 
criterion. Fertigation uniformity is defined here as a composite parameter consisting of irrigation and 
fertilizer application uniformity indicators. The use of fertigation, coupled with micro-irrigation, has 
continued to increase since it was first introduced in horticultural cropping systems. This combination 
provides a technical solution whereby nutrients and water can be supplied to the crop with high 
precision in terms of time and space, allowing high nutrient use efficiency. However, the correct 
estimation of crop nutrient and water needs is fundamental to obtaining precise plant nutrition and high 
nutrient use efficiency in fertigated cropping systems. Increasing food demand and decreasing water 
resources have composed a kind of pressure to find new technologies for efficient use of water and 
fertilizers in agriculture. Such technology can be able to save irrigation water from 30% up to 50%, as 
compared with surface irrigation, furthermore increasing crop yields and crop quality. Highest benefits 
of drip irrigation, some soil data such as, infiltration rate, soil texture and soil structure, crop 
characteristics  and water resources properties ,water quality, surface as will as well water, must be 
considered in system design, management and operation. Fertigation is an agricultural technique and 
application together with water and fertilizer to soil and/or plants, stimulates yield and fertilizer use 
efficiency as well; therefore, and under this technique leaching of nutrients is completely prevented. In 
order to utilize fertigation successfully, the four main factors must be considered: (a) the consumption 
rate of water and nutrients throughout the growth season that result in optimal yields, (b) response in 
uptake of different crops to nutrient concentration in the soil, (c) monitoring for total soil water 
potential, nutrients concentration in soil and percentage of elements in plants as a function of time, (d) 
root mass and distribution due to irrigation regimes as well as soil types. 
 
Keywords: Fertigation technique, drip irrigation, water use efficiency, watershed, management 

development 

 
Introduction 

The most important components that responsible for the development of stable societies and 
civilizations are Fertile and productive soils from ancient days. Soil fertility refers to the capacity of a 
soil to supply the essential nutrients to the plants the primary producers in correct quantity, at correct 
time in balanced proportion according to the crop requirement (Singh and Singh, 2015). World’s 
population continues to grow rapidly, but the productive cropped land area is decreasing very rapidly 
due to industrialization and urbanization (Oliver and Gregory, 2015). The need to supply enough food 
for a growing world population stimulated interest to increase input efficiency utilizing varieties with 
high yield potential along with improved water and fertilizer use efficiency. This has practical 
significance in terms of increasing scarcity for water on one hand since the demand for water is 
increasing at an alarming rate, while on the other hand; precision farming was initiated to improve the 
fertilizer use efficiency using newly available technologies by different rates and combinations as 
needed for the crop. Precision farming and protected cultivation plays a major role in increasing the 
productivity from the decreasing cropped area with high water and fertilizer use efficiency utilizing 
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latest technologies. The importance of these aspects have been reviewed by many workers (Keller and 
Bliesner, 1990; Mondal and Tewari, 2007).   Fertilization and irrigation are two of the most important 
factors in crop production, as they strongly affect the yield and quality of cultivated crops (Goldberg, 
et al., 1976;  Bar-Yosef 1999). The total area cultivated by micro-irrigation worldwide increased from 
1.1 million ha in (1986), Reinders (2007) to roughly 11.1 million in 2015 ICID (2016). This astonishing 
growth in the use of micro-irrigation is mainly due to (i) its high irrigation efficiency (up to 95% of 
applied water Howell, (2011), which partially contributes to solving the water shortage problems 
associated with both poor quality and low quantity in some cultivated areas and (ii) the progressive 
development of irrigation technologies that have substantially reduced the cost of equipment for micro-
irrigation systems. Horticultural crops are generally high-value, so irrigation is fundamental for 
obtaining high yield and quality for open-field-vegetable crops, and it is required for protected vegetable 
crops (Pardossi, and Incrocci, 2011).  

Fertigation is the agronomic operation in which fertilizer is dissolved in the irrigation water and 
delivered to the root zone by the irrigation system (Hagin, and Lowengart, 1995). This combination 
provides the technical capacity for precise mineral nutrition, both spatially and temporally. The first 
scientific application of fertigation was in 1958 in the USA Bryan, and Thomas, (1958) using sprinklers 
while the combination with drip irrigation was first applied in Israel on tomato crops (Sagiv and Kafkafi, 
1976). Fertigation generally allows for a significant increase of nutrient use efficiency in terms of plant 
nutrient recovery, with much higher results (up to 90%) than in other fertilizer application systems (40–
45%) (Agostini et al., 2010; Solaimalai et al., 2005). The main advantages of fertigation are the 
increased flexibility to split the fertilizer dose according to the uptake rate of the crop, an improved 
distribution of fertilizer in the root zone, and the possibility of maintaining a low (but constant) nutrient 
level in the soil solution. Therefore, the use of fertigation has been found to reduce the run-off of mobile 
nutrients such as N by up to 70% compared with conventional fertilizer applications (Solaimalai et al., 
2005). Micro-irrigation systems enable higher water use efficiency only if combined with precise 
irrigation scheduling Photo (1). 
 

  
Photo 1: Illustrates (A) back-flow prevention made of two ball valves and a vacuum breaker are placed 

upstream of the Venturi injector, (B) Injection made possible. After Simonne et al., (2017). 
 
Simonne et al. (2017), reported that Drip irrigation is an irrigation method that allows precisely 
controlled application of water and fertilizer by allowing water to drip slowly near the plant roots 
through a network of valves, pipes, tubing, and emitters.  
In many areas of the world, the adoption of drip irrigation without precise irrigation management has 
not increased the water use efficiency of vegetable crops, and run-off of nutrients (mainly N) from the 
root zone. Thompson et al. (2007) reported that, in the last 20 years, the concentration of N (NO3) in 
the aquifers increased from a few mg L−1 to more than 100 mg L−1. Similar results were observed in 
central California (Harter, and Lund, 2012). However, in the present review, irrigation scheduling is 
not analyzed in detail, as other reviews on this topic are reported in this special issue Alvino, and Marino 
(2017), George, (2017). Mark et al. (2015) reported that riparian seepage zones in headwater 
agricultural watersheds represent important sources of nitrate-nitrogen (NO3–N) to surface waters, often 
connecting N-rich groundwater systems to streams. In this study, we examined how NO3–N 
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concentrations in seep and stream water were affected by NO3–N processing along seep surface flow 
paths and by upslope applications of N from fertilizers and manures.  

The research was conducted in two headwater agricultural watersheds, FD36 (40 ha) and RS (45 
ha), which are fed, in part, by a shallow fractured aquifer system possessing high (3–16 mg L-1) NO3–
N concentrations. Data from in-seep monitoring showed that NO3–N concentrations generally 
decreased down seep (top to bottom) ; indicating that most seeps retained or removed a fraction of 
delivered NO 3–N (16% in FD36 and 1% in RS). Annual mean N applications in upslope fields (as 
determined by yearly farmer surveys) were highly correlated with seep NO3–N concentrations in both 
watersheds (slope: 0.06; R2 = 0.79; p < 0.001). Strong positive relationships also existed between seep 
and stream NO3–N concentrations in FD36 (slope: 1.01; R2 = 0.79; p < 0.001) and in RS (slope: 0.64; 
R2 = 0.80; p < 0.001), further indicating that N applications control NO3–N concentrations at the 
watershed scale. Our findings clearly point to NO 3–N leaching from upslope agricultural fields as the 
primary driver of NO 3–N losses from seeps to streams in these watersheds and therefore suggest that 
appropriate management strategies (cover crops, limiting fall/winter nutrient applications, decision 
support tools) be targeted in these zones.  
Fertigation is the agronomic operation in which fertilizer is dissolved in the irrigation water and 
delivered to the root zone. 
 
1. Fertigation as a technology tools 

Water is essential to grow crops, to provide food and to decrease drought risks. Irrigated 
agriculture globally uses more than 70% of water (Khokhar, 2017; Anonymous, 2019a). Use of surface 
irrigation methods in the world, especially in developing countries, is still preponderant. The 
conventional irrigation methods use water excessively; it is mainly dependent on the nature of these 
methods and farmers’ conditions. In arid and semiarid conditions, increasing agricultural production is 
mainly dependent on irrigation, surface irrigation use much more water as compared to the pressurized 
irrigation systems such as sprinkler and drip irrigation. Increasing food demand and decreasing water 
resources have composed a kind of pressure to find new technologies for efficient use of water and 
fertilizer for agriculture. In addition, protection of soil and water resources and environmental 
sustainability are other crucial factors to be considered. Thus, efficient and less water and fertilizer use 
is significantly important in terms of environmental protection (Hagin et al., 2003). A considerable 
amount of water is lost as leakage and/or evaporation during storage and transport to the fields where 
the crops are grown in irrigated agriculture. The runoff is also an important loss considering surface 
irrigation (Wallace, 2000). Thus, the most important issue on use of water resources such as micro-
irrigation is to minimize the amount of water used in irrigated agriculture through increasing, water use 
efficiency and to shift to a more sustainable use of water in agriculture, improvement in water use 
efficiency is required (Barua et al., 2018). Such target  can reached through,  using water efficient 
irrigation systems, appropriating  irrigation scheduling, managing of watershed  development, growing 
drought tolerant crops, dry farming, rotational grazing, use of mulch and compost, cover crops, 
conservation tillage, and organic agriculture. One of the most important ways is to shift to the 
pressurized irrigation systems such as drip and sprinkler irrigation. The plant root zone receives water 
directly into the root zone by means of these systems. However, reducing the evaporation that happens 
with sprinkler irrigation systems is another important issue. 
Therefore, the adoption of drip irrigation, low-pressure sprinkler systems, and other water saving 
technologies and practices, has been becoming more widespread (Üzen, Çetın and Karaer, 2013; 
OECD, 2010).  Researches have shown that drip irrigation can gradually save  water use by  about 30% 
to 70%, increasing crop yields production by  about 20% to90%, depending on, climatic condition as 
well as  soil and crop characteristics, and farmers practices for designed, installed operated (Postel et 
al., 2001; Çetın and Bilgel, 2002) Fig.(1).  
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Fig. 1: Water use efficiency of ‘Caravelle’ cantaloupe as affected by the irrigation method (mean values 

of 4 years). Irrigation efficiencies of three irrigation systems (furrow, sprinkler, and drip 
irrigation) were compared (After Leskovar et al., 2001) 

 
Stefania De Pascale et al. (2011) reported that drip irrigation is very common in greenhouse 

horticulture. Higher yields, improved WUE, and higher produce quality have been reported for drip 
irrigation systems as compared with other irrigation methods for different vegetable crops, including 
potato Unlu et al., 2006), cucumber (Yuan et al., 2006), bell pepper (Sezen et al., 2006), okra (Tiwari 
et al., 1998), cabbage Tiwari et al., 2003), eggplant Aujla et al., 2006), and watermelon (Srinivas et al., 
1989). Some advantages of drip irrigation include improved water and nutrient management, improved 
saline water management, potential for improved yields and crop quality, and greater control of applied 
water resulting in less water and nutrient loss through deep  
percolation Photo (2).  
 

  
Photo 2: Illustrates drip irrigation improved saline water management, and nutrient management, 

improved 
 

Use of subsurface drip irrigation has progressed from being a novelty used only in experimental 
fields to an accepted method of irrigation for both tree and vegetable crops (Lamm and Camp, 2007). 
Subsurface drip irrigation on lettuce (Thompson and Doerge, 1995), Thompson et al. (2007) tomato, 
sweet corn (Z. mays), and cantaloupe (Ayars et al., 1999) has significantly increased yield and WUE in 
all these crops. Subsurface drip irrigation may increase WUE in semiarid environment under saline 
conditions by increasing yield (Ayars et al., 1999). However, the choice of the proper irrigation 
technology is highly site-specific, reflecting regional (field characteristics and climate), technical (water 
supply and crop characteristics), and market (crop prices, energy cost, labor supply) factors (Lamm and 
Camp, 2007). Subsurface drip irrigation can potentially provide a more stable soil water and nutrient 
environment for optimal crop growth, and be effective for salinity management, soil water 
redistribution, and application of agrochemicals (Lamm and Camp, 2007). Farmers producing high-
value crops in arid and semiarid regions have a greater likelihood of benefiting from adopting drip 
irrigation and subsurface drip irrigation than farmers producing low-value crops in humid and sub 
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humid climates (Wichelns, 2007). Alternate furrow irrigation is another technique that appears 
promising (Kang et al., 2000).  

The resulting efficiency, of course, depends on climatic, soil and crop characteristics and farmer 
practices. Thus, water saving ratio can vary depending on these conditions. The advantages of drip 
irrigation could be specified as water saving (30–50%), higher crop yield, maximum utilization of 
available water, no water being available for weeds, high efficiency in the use of fertilizers, less weed 
growth, lower labour, no soil erosion, possible sophisticated automatic control, no runoff, no leaching 
of fertilizers into ground water, and less evaporation losses compared to surface irrigation Photo (3) 
However, drip irrigation has some limitations such as clogging, salinity hazards at the top of soil profile 
for arid and semi-arid regions, higher investment costs compared to surface irrigation, higher skills and 
experiences required for its design, install, operation and management. 

 

  
Photo 3: Represents the differences between drip and furrow, watering through emitters reduce weed 

growth and reduces labor costs. However, furrow or flood irrigation provides water to the 
entire field, leading to 10 to 14 times more weed more labor to remove weeds 

 
 In order to get the highest benefits using drip irrigation, some soil data should be involved such 

as soil properties, crop characteristics and water resources properties must be considered for drip system 
design, management and operation. Among others, the lateral design, dripper discharge, dripper space 
and requirement of energy are the most important components of drip irrigation system design. The 
main problems in the use of drip irrigation systems are physical (sand and suspended solids) biological 
(bacteria, fungi and algae, slime) and chemical causes (mineral precipitation, lime content of water) of 
emitter clogging. The common elements are calcium, magnesium, iron and manganese that may clog 
drip emitters by precipitation and sedimentation. The most important irrigation water parameters in use 
of drip irrigation systems are content of suspended solids, dissolved solids, iron, manganese and bacteria 
(total plant count/ml), pH, hardness (as CaCO3). Use of fertilizers together with irrigation Photo (4).  
 

  
Photo 4: Drip irrigation systems provide a favorable environment for bacteria, fungi and algae that can 

cause slime accumulation. Bacterial slime can be a direct cause for clogging of drippers, but 
it can also induce mineral particles to stick together and form aggregates large enough to clog 
the emitter openings. This phenomenon is specifically significant when manganese, sulfide 
and iron are present in the water. 
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Drip irrigation enable higher efficiency of water and fertilizer use, considering the conventional 
fertilizing, this technique has many advantages and is a kind of modern technology. Thus, the 
combination between irrigation and fertilization has been widely used for the cultivation of crops and 
fruit production (Yan, Dai and Jia, 2018). Soluble fertilizers added at any concentrations to crops can 
be applied through irrigation systems, which created wetted area of soil (Chartzoulakis and Bertaki, 
2015). Fertigation can be practiced for any irrigation system, however, fertilizers added by casting 
surface irrigation and open canals might be inappropriate for nutrient distribution in the field area. 
Fertigation can be applied as an integral part of plant nutrient management and specifically under micro 
irrigation; which providing a concentrated and space-limited root system within the wetted soil volume. 
On the other hand, soluble N fertilizers such as urea, ammonium sulphate, ammonium nitrate, and liquid 
urea are easily injected and applied through drip and micro sprinkler systems and are commonly used 
for fertigation in vine and tree fruit crops (Schwankl, et al., 1998; Bar-Yosef, 1999; Kafkafi and 
Tarchitsky, 2011).    

 

 
Fig. 2: The relationship between crop growth (or yield) and nutrient soil concentration in the root zone. 

After Incrocci et al. (2017) 
 

Incrocci et al. (2017) reported that, main goal in efficient fertigation management is to satisfy 
both the crop needs and to minimize nutrient losses. To attain this goal, it is necessary to accurately 
estimate three main variables: (A) crop nutrient requirement; (B) soil nutrient availability; and (C) 
nutrient delivery to match crop development. Fertigation prevents losses of nitrogen because there is no 
leaching, and directly supplied to root zone particularly in available forms, consequently, controlled 
and application cost decreased, (Chartzoulakis and Bertaki, 2015).  

 
2. Nutrients applied by fertigation 

Water-soluble fertilizers can be applied through Fertigation, except phosphorous and 
microelements which is not advised in practice, as their precipitation can easily gradually occur at 
higher than 7.0, resulting in clogging of the irrigation system Bar-Yosef, (1999). Nitrogen can be 
applied in different chemical forms, nitrate (potassium nitrate, calcium nitrate, and magnesium nitrate 
salts), ammonium (ammonium nitrate, ammonium sulphate), in the most common and urea fertilizers. 
Nitrate is an anion not retained by the soil, resulting in the most mobile nutrient beyond the crop root 
zone. Several researchers reported that NO-3 moves and leached away throughout soil profile. Nitrate 
tends to accumulate at the periphery of the wetted soil under intensive water irrigation, nitrate is 
transported to the deeper soil profile, away from root zone (Bar-Yosef, 1999; Solaimalai et al., 2005; 
Hanson et al., 2006). Ammonium is not very mobile fraction, retained by soil components, and does 
moves less than 10–15 cm from the emitter Li et al. (2004), however urea is highly solubilized fraction 
and is not adsorbed by soil colloids (Solaimalai et al. 2005). Distribution and movement of urea 
fertilizers in the root zone gradually depends on time of irrigation and soil properties. Haynes, (1990) 
reported that,  there is a similarity of urea and nitrates transported in the root zone particularly in sandy 
soil, through  Fertigation Both were more evenly distributed vertically and laterally in the soil profile 
up to 15 cm from the emitter Fig.(3 &4) 
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Fig. 3:   Represents  residual nitrate storage distribution in the soil profile for the fallow treatment with 

162 kg ha −1 and the average of 3 LGMs with 108 kg ha −1 (a) and 135 kg ha −1 (b) of 
synthetic N after wheat harvest; after Yan et al. (2018). 

 

 
Fig. 4: Spatial distributions of (a) urea (b) ammonium (c) nitrate (mg cm−3) for fertigation (A) for 

various days at the time of urea application for the sandy loam soil with 1 L h−1 emitter 
discharge (Mohamed et al. 2019) 

 
Jiusheng and Yuchun (2010) reported that drip line depth and layered-textural soil greatly 

affected water and nitrate distribution. Wetted depth increased with drip line depth and initial soil water 
content for both uniform and layered soils. The distribution pattern of water in the layered soils was 
controlled by the layering sequence and the drip line position relative to the interface between two soil 
layers. Water accumulation occurred in the fine textural layer of soil for the layered soils. For the sandy 
loam soil (SL), positioning the drip line below the interface led to much water (89%) moving to the sub 
layer of loam soil than positioning the drip line above the interface (73%). For the loam-sandy-loam 
soil (LSL), positioning the drip line in the top layer of loam soil resulted in 77% of water applied 
distributed in the top layer, while positioning the drip line in the bottom layer of loam soil resulted in 
93% of water applied distributed in the bottom layer. Measurements of nitrate distribution showed that 
nitrate concentration in the proximity of the drip line and of the water accumulation zone approximated 
the input concentration while nitrate accumulated at the boundary of the wetted volume for both uniform 
and layered soils tested. The results from this study suggest that the drip line depth should be carefully 
selected in the design of subsurface drip irrigation systems for layered soils to obtain a target distribution 
of water and nitrate.  Nitrification of Ammonium and urea can contribute to NO-3  distribution and 
acidification in the root zone.  

Phosphorus is present in the soil solution in anionic forms, general, it tends to accumulate within 
a few centimeters around the emitters. Phosphate salts in fertigated systems have been previously 
limited Bar-Yosef, (1999), Hanson et al. (2006). Currently, phosphoric acid or urea-phosphate are 
commonly applied, for  prevention  clogging due to the precipitation of Ca and Mg as well as  better 
distribution of phosphorous in the soil  Fig.(4) 
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Potassium, like NH+4, is a nutrient subject to CEC retention, and it moves slowly in the root zone, in 
some cases,   Potassium can move beside the waterfront, with a better distribution along the wet root 
zone. Under such conditions, K run-off can occur Bar-Yosef, (1999), Hanson et al. (2006). 
 

 
Fig. 5: Conceptual framework for the calculation of the fertilizer supply rate in fertigated crops, 

following different theoretical approaches. 
 
Thompson et al. (2007),   stated that   many new technologies have been developed and validated for 
precise nutrient and irrigation management; not sufficiently exploited by growers. In practice, nutrient 
management as well as water supply particularly in cropping systems are based on growers’ 
experiences, which is mainly stable in fertilization plans. There are two main approaches can be used 
for efficient fertigation management Fig (5). Firstly, doses of the fertilizer used can estimated before 
cultivation, taking into account all variables that may change the concentration of nutrients in the root 
zone and data collected on the cultivation system, which used to draw in advance a “prescriptive” 
fertilization plan (Giller et al., 2004).  Through the approach, desired nutrient concentration can be 
calculated as the ratio between the amount of nutrient and water taken up by the crop in the same period. 
Secondly, fertigation management is accomplished through a “corrective” approach: a nutrient solution 
is applied to the crop and its nutrient composition is periodically adjusted because of plant and/or soil 
measurements, in order to avoid nutrient excesses or deficiencies (Giller et al., 2004). Both approaches 
can be integrated for the same crop: the prescriptive fertilizer dose is then calculated before planting, 
and afterwards the fertilizer supply rate is fine-tuned according to the seasonal variations of crop 
nutritional status, detected by soil and/or plant measurements. 

The application of microelements through fertigation water requires using chelated forms such as 
EDTA and EDDHA to avoid precipitation (Solaimalai et al., 2005). The observed nutrient distribution 
in fertigation is mainly due to the specific characteristics of the single ions, and soil hydraulic and 
chemical properties Abalos et al. 2014, other factors, can decreasing or increasing  the mobility of  ion 
in the soil also depend on fertigation and irrigation frequency. Shedeed et al. (2009), Farneselli et al. 
(2015), they stated that frequent supplies of low amounts of nutrients with irrigation water gradually 
increased the availability of N, P and K particularly in root zone. Furthermore, increasing the quantity 
and quality of the tomatoes. Badr and El-Yazied (2007) examined the influence of different fertigation 
frequencies, (from one to 14 days) on tomatoes with two different amounts of N (200 and 300 kg N 
ha−1). Mohamed et al. (2019), described the effect of changing emitter discharge and the application 
of three fertigation strategies on urea transport, transformation and leached nitrate below the root zone 
of onion under drip irrigation in sandy loam, loamy, and silty loam soils. Three fertigation strategies 
were considered as the following; strategy (A) with one-hour duration starts after the beginning of the 
irrigation cycle by 15 minutes, strategy (B) with one-hour duration ends 15 minutes before the end of 
the irrigation cycle and strategy (C) of one-hour duration in the middle of the irrigation cycle. 
Simulations were conducted for 35 days, with a mid-growth stage of the green onion, Smith (1999) 
while the efficiency of the drip system was 80%.The HYDRUS 2/D model included the processes of 
hydrolysis, nitrification, mineralization, and ammonium adsorption. Emitter discharge rates were 
significant affect the soil water distribution as well as plant uptake in sandy loam however, no 
significant affect in loam and silt loam soils. Silty loam soil showed a smaller numbers of emitters and 
larger spacing among them are recommended in the design of irrigation system for shallow-rooted 



Middle East J. Agric. Res., 9(3): 558-585, 2020 
EISSN: 2706-7955   ISSN: 2077-4605                                             DOI: 10.36632/mejar/2020.9.3.44 

566 

crops. They also stated that, increasing of emitter discharge, nutrient added tends to move downwards 
particularly in coarse-textured soil Fig. (6). 

 

 
Fig. 6: Illustrated comparative movement of water in sandy and clayey soils. In sandy soils, water 

readily moves downward due to the gravitational pull. In clay soils, water slowly moves in all 
direction by capillary action. After Marcel et al. (2015) 

 
For fine-textured loam and silt loam soil, nutrient moved outwards (laterally) the soil domain.  

The application of urea fertigation strategy (A) increased nitrate concentration near the drip line and the 
plant uptake as well. There is no accumulation of urea among the three fertigation strategies for the 
three examined soil types. During the time, being urea concentrations gradually decreased due to 
hydrolysis and associated nitrification to ammonium, and gradually diminished particularly around the 
emitter near the edge of the wetting zone. Application of urea at the middle of irrigation gives the 
highest nitrate concentrations, which can be leached down the root zone, and be avoided. Fertigation at 
the beginning of irrigation is the best for the high nutrient plant uptake particularly for sandy loam and 
loam soil while, for silty loam soil, the fertigation at the end of irrigation event is recommended. 
Therefore, physical properties of the investigated soil play an important role for time of Fertigation 
event.    

The total crop N uptake was considerably higher in the treatment with more frequent applications. 
Jiusheng and Yuchun (2010), concluded that frequently doses of N in small every day can reduce the 
variation in nutrient concentration in the root zone and possible related salinity stress; increasing 
nutrient availability for the crop; and reduces the risk of N leaching. Shedeed et al. (2009) stated that, 
daily N, P and K added with irrigation water particularly in tomato gradually increased the availability 
of the nutrient added in the root zone, improving yield and quality of the crop furthermore reducing 
losses of both N and K, particularly in sandy soils. Taking into account Fertigation regimes are not easy 
to manage and can increase losses of through evaporation particularly from wet soil surface. 

 
3. Most best management of fertigation 

In modern agriculture, accumulation of nitrates can reach toxic levels due to extensive use of 
nitrogen fertilizers, cultural methods, farming policies in multiple areas of the world, thereby increasing 
concerns about the availability of hygienic food supply and environmental hazards. Over the past few 
decades, global interest in achieving greater output through intensive fertilization has been a growing 
trend. The fertilizer based on urea or ammonium mainly yields ammonium, which is then transformed 
to nitrate through the oxidation process that is biologically mediated. Nitrate tends to accumulate 
differently in distinct crop plants and distinct components of agricultural commodities based on species, 
crop variety, genetic history, environmental circumstances, harvest phase, post-harvest storage 
conditions, agronomic variables, nature, and fertilizer application rate. 
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Nitrate is the dominant form of N that is readily absorbed by most plants to assimilate and eventually 
transform into biomass production (Colla et al., 2011). However, in case of higher nitrate intake relative 
to its assimilation, it tends to accumulate in roots, tubers, bulb, stem, leaves, fruit, and seeds. Nitrate 
accumulates prominently in leafy vegetables and nonleguminous plants (Santamaria, 2006). Nitrate 
exposure to humans is primarily due to the consumption of raw vegetables, seeds, drinking subterranean 
water, and processed food (Rathod et al., 2016). However, although nitrate is not harmful to human life, 
its decrease to nitric oxide, nitrite, and N-nitroso compounds mediated by oral bacteria and salivary 
enzymes may pose a related danger of bladder/gastric cancer and methemoglobinemia syndrome 
(Ahmed et al., 2017; Parks et al., (2008). Consumption of nitrite by fruits and vegetables is relatively 
small because it is extremely cytotoxic to plant cells and is continually kept to a minimum level (Riens 
and Heldt 1992). Nitrate accumulation in different plant crops and tissues relies on the scheme of 
agriculture, current environmental circumstances, species, genotype, plant range, pre-harvest variables, 
agronomic factors, harvest phase, and post-harvest factors (Andrews et al., 2013; Colonna et al., 2016). 
Post-harvest variables such as plant biomass storage setting may cause or impede endogenous nitrate 
reduction to nitrite. (Santamaria et al., 2001), reported that   factors affecting crop plant nitrate 
accumulation are genetic background, environmental factors such as light circumstances and agronomic 
variables. 
 
4. Optimization of nitrate accumulation 

The availability of reducing nitrate in soil for plant uptake were used by  different approaches,  
such as  (i) Substitution nitrate-based fertilizer with ammonium Borgognone et al. (2013); (ii) adoption 
of nitrate-free liquid fertilizers Marsic and Osvald (2002); (c) Using of plant genotypes with low nitrate 
accumulation. (Burns et al. (2011); (iii) Possibility of nitrate starvation up to 5 days before harvest 
Borgognone et al. (2016); (iv) Replacing  calcium nitrate Ca (NO3)2 with  calcium oxide (CaO) 
Borgognone et al. (2016); (v) Reducing nitrate through using  light spectral fluxes particularly in  crop 
manufacturing (Gaudreau et al., (1995). Anjana et al. (2007) stated that such research can clarifies 
multiple environmental, agronomic, and genetic factors to mitigate the accumulation of nitrate in 
multiple plant crops and tissues. Nitrates were absorbed through the plant roots which quickly 
transferred through xylem vessels via the transpiration stream. The absorption of nutrients from the root 
surface may be passive where a nutrient enters root with the absorbed water, e.g., nitrate entry into the 
root; whereas an active process requires another molecule or ion called the carrier (Epstein 1956) Fig. 
(7).  

 

 
Fig. 7: Illustrates passive and active absorption of nitrates 

 
Plant tissues with big laminae tend to accumulate more nitrate than plant tissue with compact 

laminae such as stem, petiole, fruit, and hypogeal storage bodies (Chen et al., 2004).  
Santamaria et al. (1999) reported that Nitrate content in plant tissues occurs in the following order: 
petiole > leaf > stem > root > inflorescence > tuber > fruit > seeds. Nitrate accumulation in plant tissue 
however, relies on the era of the plant or tissue type. 
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 Fig. 8: Illustrates factors influencing absorption, uptake, transport and penetration of nanoparticles in 

plants. 
(A) Nanoparticle are up taken and translocated in the plant, as well as the application method.  
(B) In soil, nanoparticles can interact with microorganisms and compounds, which facilitate or hamper their 
absorption. Several tissues (epidermis, endodermis...) and barriers (Casparian strip, cuticle...) must be crossed 
before reaching the vascular tissues, depending on the entry point (roots or leaves). 
 (C) Nanomaterials can follow the apoplastic and/or the symplastic pathways for moving up and down the plant, 
and radial movement for changing from one pathway to the other.  
(D) Several mechanisms have been proposed for internalization of nanoparticles inside the cells, such as 
endocytosis, pore formation, mediated by carrier proteins, and through plasmodesmata. 

 
Alejandro Pérez-de-Luque (2017), plant uptake of nanoparticles is affected by several factors 

related to the nature of the nanoparticle itself, but also with the plant physiology and the interaction of 
the nanomaterials with the environment Fig. (8). It is clear that nanoparticle traits will greatly influence 
its behavior, and hence if the plant will be able to absorb it. Size 
seems to be one of the main restrictions for penetration into plant tissues, and there are some reports 
about the maximum dimensions that plants allow for nanoparticles to move and accumulate inside the 
cells, usually with 40–50 nm as a size exclusion limit (González-Melendi et al., 2008; Corredor et al., 
2009; Sabo-Attwood et al., 2012; Taylor et al., 2014). Additionally, the type of nanoparticle and its 
chemical composition is another factor influencing the uptake Ma et al., (2010); Rico et al., (2011), 
whereas morphology has also been demonstrated as determinant in some cases (Raliya et al., 2016). 
Functionalization and coating of the nanomaterial surface can greatly change and alter the properties 
for its absorption and accumulation by the plant (Judy et al., 2012). Plant species can differ in their 
physiology, and such differences result in variations regarding uptake of nanoparticles, as reported for 
example by Cifuentes et al. (2010), Larue et al. (2012) and Zhu et al. (2012). These works showed how 
crops species belonging to different botanical families, and exposed to either magnetic carbon-coated, 
titanium dioxide or gold nanoparticles respectively, presented diverse absorption and accumulation 
patterns inside the plants. Nevertheless, the ways of application are also crucial in order to determine 
how effectively a plant will internalize the nanomaterials: roots are specialized in absorption of nutrients 
and water, whereas Schwab et al. (2015) reported that leaves are developed for gas exchange and 
present a cuticle that hampers penetration of substances. Nevertheless, nanoparticles interact with other 
components of the environment, and it can affect their properties and their traits for being assimilated 
by plants. For example, humic acids and other organic matter present in the soil can lead to an improved 
stability and hence a better bioavailability of nanomaterials, whereas salt ions might induce precipitation 
and trigger a contrary effect (Navarro et al., 2008). Even more, the presence of other organisms, such 
as bacteria and fungi, influences the plant uptake of nanoparticles, mainly if those microorganisms 
establish symbiosis with plants as in the case of mycorrhizal fungi (Feng et al., 2013; Wang et al., 2016) 

Konstantopoulo et al. (2010) stated that in younger tissue or freshly growing leaves, nitrate 
accumulation less than mature leaves. Similarly observation, were noticed by Anjana and Iqbal (2007), 
collected tissues at the later level of vegetation have an elevated concentration of nitrate than those 
harvested at the younger level.  Some plant families such as (Amaranthaceae, Asteraceae, Apiaceae, 
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and Brassicaceae) are nitrate hyper-accumulators, while other species Lamiaceae are lower 
accumulators Santamaria (2006).On the other hand , fruits are found to possess less nitrate, 15 mg kg−1 
FW-1 (Susin et al., 2006).  
 
4.1. Nitrate accumulation through nutrition and genetic aspects 

Uptake and accumulation of nitrate, gradually depends on field management, agricultural 
practices, environmental factors, genetic variability and availability of other nutrients, applied in the 
field. However, light intensity, nitrogen fertilizer application, and genetic variability are the key aspects 
influencing nitrate uptake and its successive accumulation in different plant species, especially in 
vegetables Santamaria (2006). The level of nitrate uptake and accumulation varies in different plant 
species Razgallah et al. (2017), genotypes diverse ploidy level Harada et al. (2003) and even in cultivars 
of the same plant species M’hamdi et al. (2016). Genetic variation in nitrate uptake exists among 
modern crop varieties Barraclough et al. (2014); Cormier et al. (2013), much wider range of these 
variations found in varieties, which has diverse germplasm base (Monostori et al., 2017).  
However, total N uptake and high biomass/yield potential at low N availability are indicator for efficient 
N uptake genotypes (Hawkesford and Griffiths, 2019). Although, dwarfing genes improve harvest index 
and decrease susceptibility to lodging at higher N fertilizer doses in cereals (Gooding et al. 2012) but 
negative consequences of these genes appeared in the form of pleiotropic effects and decreased root 
proliferation in dwarf genotypes (Bai et al., 2013; Gooding et al. 2012). Variation in root proliferation, 
architecture, and function found to contribute nitrate uptake efficiency Allard et al. (2013). Higher 
nitrate accumulation demonstrates enhanced expression of nitrate transporter genes Harrison et al. 
(2004). Low-nitrate cultivars have an effective method of N transformation than crop species 
accumulating elevated nitrate. To preserve plant nitrate homeostasis, a favorable linear connection 
occurs between plant nitrate and water content (Qiu et al. 2014). Low nitrate accumulating cultivars 
have been found to have lower transcripts of the nitrate transporter gene (LsNRT) than high 
accumulators of nitrate do. Variation of plants in nitrate accumulation is guided by variations in nitrate 
absorption and assimilation through a method of chemical decrease (Luo et al. 2006). Nitrate from the 
rhizosphere gets entered the plant roots through absorption mediated by high and low-affinity nitrate 
transport channels (Fan et al. 2017).  

The influx of nitrate is further increased by mobilization of absorbed nitrates to different plant 
tissues through xylem vessels by plant transpiration streaming process due to hydrostatic pressure 
gradient in the xylem vessels caused by transpiration at leaf surface Tyree (2003). Excessive use of N 
fertilizer results in greater absorption of nitrate, leading to the accumulation of nitrate in different plant 
tissues (Soleymani and Shahrajabian, 2012). Injudicious use of nitrogen fertilizer improves 
manufacturing costs, leads crop nitrate levels to rise and water quality to deteriorate when nitrate is 
leached to groundwater  (Ahmed et al., 2017). As the plant grows towards maturity, demand for nitrogen 
declines, leading to nitrate accumulation due to excessive fertilization at the subsequent growth point. 
Hence, an efficient approach to decrease nitrate content in field produce is to give the crop a few 
days/weeks before harvest, which helps to deprive nitrate content. 

 
4.2. Consequences of different kind of fertilizers in nitrate accumulation 

The type of N-fertilizer in the edible components of the plants is immediately linked to nitrate 
accumulation (Pavlou et al., (2007). Nitrogen exists as ammonium, nitrate, urea, or as organic 
compounds. Using ammonium-based nitrogen fertilizers reduces nitrate content in crop plants while 
applying nitrate-based fertilizer increases nitrate absorption (Wang and Li, 2004).  
Thus, selective application of fertilizer may lead to the accumulation of nitrate in edible components of 
plants (Zhou et al., 2000). The nitrate accumulation in petioles exists in the order: urea > ammonium 
nitrate > ammonium sulfate > ammonium carbonate (Renseigné et al. (2007). The release of N from 
inorganic fertilizer is much faster than that from natural sources because it occurs through 
mineralization of organic matter in the later one slow release (Herencia et al., 2011). In the organic 
fields, scientists noted considerably less nitrate content than conventionally grown plant crops applied 
with inorganic fertilization (Nunez de Gonzalez et al., 2015. Plants not only take essential nutrients 
from the soil, but also change the physico-chemical and biological properties of the soil as well, e.g., 
pH, soil texture, electrical conductivity, and organic matter, the capacity of cation exchange, activity, 
and quantity of soil microbes (Bell and Dell 2008). Inorganic N fertilizer input is provided for 
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sustainable crop production, but their higher doses are affecting soil properties and consequently 
reducing crop yields over time (Hepperly et al., 2009).  

However, organic fertilizers help in maintaining the soil properties such as reducing soil bulk 
density, improving soil structure  Mahmoodabadi et al. (2010), increasing water holding capacity of the 
soil, rising pH in acidic soils, hydraulic conductivity, and filtration rate (Purbajanti et al., 2019). Hence, 
the integrated approach of organic fertilizers with the limited and slow release of inorganic fertilizer 
application may prove to be a sustainable method for efficient nutrient utilization, less nitrate 
accumulation and to restore important soil properties (Schoebitz and Vidal, 2016). Organic manure will 
improve the physiochemical and biological properties of the soil; whereas, the slow release of inorganic 
material will help to meet the needs of crop plants instantly  (Prasetyo et al., 2013). The use of 
conventional inorganic fertilizers is not suitable to sustain crop productivity due to higher inefficiency, 
delivery, utilization, the input of water, energy, and greater impact of negative environmental 
implications. The goal of global and safer food security can be achieved by modifying agricultural 
practices to combat negative pressure aroused from increasing population, climate change, and 
decreasing the area of arable land. Many nano-enabled fertilizers and engineered nanomaterials (ENMs) 
are reported to potentially enhance plant growth and increase crop productivity (Adisa et al., 2019). 
However, the knowledge of basic mechanistic processes involved in the functioning of nanofertilizers 
is lacking now. Nanofertilizers are engineered nanomaterials that enhance the availability, uptake, 
performance, and utilization of conventional fertilizers upon application (Liu and Lal, 2015). In many 
studies, nanofertilizers have been shown to improve food safety and enhance plant yield by foliar and 
soil applications (Dimkpa and Bindraban 2017; Chhipa 2017). For the last few decades, the nutrient use 
efficiency of most of the crop plants remained stagnant between 18 and 40%  Subramanian et al. (2015) 
due to inefficient nutrient delivery and plant’s inherent ability to uptake, consequently leading 
environmental contamination by surface run-off, emission, and leaching. Several reports indicated the 
potential of nano-enabled fertilizers to enhance nutrient delivery, decrease nutrient immobilization, 
increase uptake efficiencies by plants, decreasing agricultural waste, and reducing.                                                         

Nanofertilizers potential could have dramatic environmental and economic impacts 
(Subramanian et al., 2015). The supply of other nutrients such as phosphorus (P), calcium (Ca), sulfur 
(S), potassium (K), magnesium (Mg), molybdenum (Mo), and iron (Fe) may influence the accumulation 
of nitrate in plant crops as well as nitrogen. The plant’s absorption of nitrate is positively related to the 
supply of P in soil Buwalda and Warmenhoven (1999) while negative to the supply of sulfate in soil 
(Blom-Zandstra and Lampe, 1983). On the other side, in the plant, K encourages nitrate absorption, 
remobilization, and assimilation (Ahmed et al., 2000). The role of Ca in root growth is well-documented 
and nitrate uptake may be affected by its deficiency. Mg is generally needed for the growth of 
chloroplast and metabolic processes (Borgognone et al., 2016). but there is no proof of its role in nitrate 
accumulation. Chloride and nitrate in soil have shown antagonism in osmo-regulation; therefore, the 
supply of chloride in high-nitrate cultivars may assist to decrease nitrate content (Borgognone et al., 
2016). Mo has a specified position in the activity of nitrate reductase, which in its assimilation process 
converts nitrate to nitrite. In crops cultivated on soil with Mo deficiency, high nitrate content 
accumulates (Buwalda and Warmenhoven, 1999) 
 
4.3. Environmental factor for nitrate accumulation 

Several environmental factors influence nitrate accumulation in plants, such as the interaction of 
available nitrogen, temperature, and light intensity has been revealed to manipulate nitrate accumulation 
in certain plant species. Enhanced N fertilizer supply to plants under high light intensity increases the 
temperature that in turn promotes nitrate accumulation Santamaria et al. (2001) Fig. (9). 

Zhonghua Bian et al. (2020) stated that nitrate assimilation in plants starts with the reduction of 
nitrate to nitrite by NR in the cytoplasm. The resulting nitrite is reduced to ammonium by nitrite 
reductase (NiR) localized in chloroplasts or in plastids in the roots Wang, and Tsay (2011) Fig. (9). 
Light is one of the main factors regulating plant growth and development Fig. (9) , as light not only 
provides energy for driving photosynthesis but also serves as a transduction signal for triggering the 
expression of related genes. 
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Fig. 9: Schematic representation of nitrate absorption, distribution, and assimilation in plants and the 

function of environmental factors that regulate of nitrate absorption and assimilation in plants. 
         
Light stimulates nitrate reduction by inducing NR-related gene (NR) expression, increasing NR activity, 
and providing available reductants (Iglesias-Bartolomé et al., (2004). In plant leaves, the reductants 
used for nitrate assimilation are produced from photosynthetic electron transport Busch et al. (2018), 
whereas in the roots, these reductants stem from the process of mitochondrial respiration and the 
pathways of malate and pentose phosphate (Ruan et al., 2010). After being received by the 
photosynthetic antenna complex in plant leaves, the absorbed light energy is transferred and stored as 
ATP and NADPH by the electron and proton transfer complex. Apart from primarily being used for 
carbon dioxide (CO2) fixation, approximately 25% of the resulting ATP and NADPH will be used for 
nitrate assimilation in plants (Miller et al., 2007; Walker et al., 2014). Thus, excessive accumulation of 
nitrates in plant tissues frequently occurs under poor light conditions (Gruda, (2005). Supplementary 
light by artificial light sources is widely used to regulate plant growth, phytochemical concentrations, 
and nitrate concentration in vegetables produced in controlled environments (Bian et al., 2014; Bian et 
al., 2018; Lin et al., 2013).  

Following the rapid development of light-emitting diode (LED) technology, LEDs have become 
a viable and innovative alternative to conventional horticultural lighting because LEDs offer unique 
advantages such as a high energy-use efficiency, long lifespan (approximately 10,000 h), lower heat-
put, and flexible spectral control Bian et al. (2016), The application of LEDs as either a sole source of 
lighting (e.g., closed-type plant factories and growth chambers) or as supplemental lighting, whether 
alone or mixed with conventional light sources (e.g., fluorescent and high-pressure sodium lamps), 
enables horticulturists and farmers to regulate the nitrate concentration in vegetables through light 
condition management in protected facilities Bian et al. (2016). In general, the effects of light on the 
uptake, assimilation, and distribution of nitrates can be categorized as related to light intensity, duration, 
or spectra Fig. (9). 

Otherwise, diurnal changes in light intensity are inversely related to plant nitrate accumulation, 
as light intensity is involved in photosynthesis, plant nitrate uptake, reduction, and translocation of 
nitrate. By selecting suitable harvest time, the diurnal variation in nitrate accumulation can be held to a 
minimum level (Anjana et al., 2007). Weather conditions affect the plant nitrate content more 
drastically than by the source (organic or inorganic) and the rate of nitrogen fertilizer (Custic et al., 
2003). Less nitrate content was observed in the year with high rainfall (Grzebelus and Baranski, 2001). 
Conversely, drought stress stimulates root nitrate uptake and shoot mobilization (Talouizite and 
Champigny, 1988). Higher plant nitrate accumulation was observed in autumn-winter as compared with 
the spring season (Santamaria et al., (1999). Nitrate/chloride ions, however, are interchangeable in 
osmo-regulation under salt stress; therefore, mild saline stress helps to prevent soil or soil-free nitrate 
accumulation. Nitrate is involved in the plant’s high and low-affinity transport scheme because this 
method needs biochemical power (Bose and Srivastava, 2001). Consequently, the concentration of 
carbon dioxide, light intensity, and temperature of air impact the accumulation of nitrate in plant crops 
(Santamaria, 2006). Nitrate assimilation in the plant causes a photosynthesis process that offers carbon 
skeleton essential for ammonium inclusion (from nitrate decrease) and electrons release, which is 
discovered to be vital for nitrate conversion to nitrite (Cavaiuolo and Ferrante, 2014). Intensive N 
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application and low light intensity result in greater accumulation of nitrate Fu et al. (2017), while 
elevated light spectrum decreases plant accumulation  (Liu et al., 2016). 

 
5. Fertigation management techniques 
5.1. Plant monitoring 

Using plant as crop monitoring through different analytical aspects, in order to evaluate plant 
nutrient status and finally to correct nutrient delivery in terms of both quantity and type of nutrients. 
Such plant testing approach is based on the principle that the control of growing conditions should be 
based on the physiological status of the plant Nishina, (2015).To accelerate  and accomplish the goal, 
both direct and indirect measurements of the nutrient status in plant tissues can be carried out in the 
field. Over the past 20 years, Thompson et al. (2017) stated that such technique has investigated 
particularly in terms of nitrogen nutrition due to its role in plant metabolism and for the environmental 
implications derived from nitrogen fertilizers when intensive applied. The main characteristics of this 
method are the ease and rapidity of the measurement, which allow for a sufficient number of 
measurements to obtain crop-representative data. The first testing technique to be developed was petiole 
sap analysis, which is probably still the most common aspect. Sap extraction analysis from a leaf petiole 
was still used in many studies, for monitoring plant nutritional status and eventually optimizing plant 
fertilization.  

A significant correlation between NO-3 and K concentration in petiole sap and N or K content in 
plant tissues has been observed for many vegetable crops (Goffart et al., 2008; Farneselli et al., 2014), 
Peña-Fleitas et al., 2015). However, such technique, has disadvantages since the  values of nutrient 
concentration in the leaf petiole sap change as a function of (i) crop stage values of sufficiency decline 
with crop age) ; (ii) cultivation system; (iii) species and cultivar and (iv) plant nutrient and water status 
(Goffart et al. (2008). However, reference values for N and K are available for different types of 
vegetables grown in Florida Hochmuth, (1994) efficiency for melon and tomato in Almeria (Spain) 
Peña-Fleitas etal (2015), for potatoes in central and northern Europe Goffart et al. (2008), and for 
industrial tomato production in central Italy (Farneselli et al., 2014). Most promising technologies for 
rapidly plant monitoring are optical sensors. Tissue (leaf) chlorophyll fluorescence, reflectance, and 
transmittance can be measured and obtaining crop indices that can be correlated with plant stress and 
nutrient status (Muñoz-Huerta et al., 2013). The optical measuring devices can be divided into sensors 
able to measure portions of a plant or individual leaves and those able to acquire data from large parts 
of the canopy, and that could be installed on tractors, drones, robots, or even on airplanes or satellites. 
Among the portable instruments, the most widely used are the chlorophyll meter SPAD-502 (based on 
single-photon avalanche diode (SPAD) technology), originally developed by Konica-Minolta (Osaka, 
Japan), the Hydro N-tester (Yara International, Oslo, Norway) and Dualex Scientific+® (FORCE-A, 
Paris, France). The SPAD produces a dimensionless index positively correlated to the concentration of 
chlorophyll in the leaf blade, which is in turn related to the concentration of N in plant tissues. Once the 
values of N sufficiency are assessed, the corresponding SPAD index value can be used to support N 
fertilization (Muñoz-Huerta et al., 2013; Padilla et al., 2015). 

Some authors have found variability in the SPAD index when the culture was carried out in the 
presence of abiotic stress (Swiader et al., 2002). SPAD measurement variability can be reduced after 
in-situ calibration of the instrument (e.g., non-fertilized parcel), as, for example, recommended by the 
manufacturers of some chlorophyll meters (i.e., N Tester® Yara, Yara International, Oslo, Norway). 
The variability of the SPAD index and the need to calibrate it for each species, cultivation conditions, 
etc., are the major reasons why, despite the fact that the first experiments occurred more than 20 years 
ago, commercial use for the management of fertilization has up until now been quite limited. A new 
promising instrument is the Dualex Scientific+® (FORCE-A, Paris, France). The Dualex® can provide 
four different indices related to the concentration of chlorophyll, flavonols, anthocyanins and N derived 
by the nitrogen balance index (NBI®); it can be used to assess the nutritional status of the crop and the 
presence of stress (Goulas et al. 2004). Tremblay et al. (2009) reported that, N fertilization of winter 
vegetable crops in the open field, have used The Dualex® successfully. The authors also observed a 
high correlation between the indices obtained with the Dualex®, the SPAD and nitrate concentrations 
in the leaf petioles. Wu et al. (2007) evaluated the effectiveness of various methods to manage the N 
nutrition of potatoes by comparing the SPAD index, the analysis of the leaf petiole sap and use of 
images acquired by Quick Bird satellite with different types of spectral resolution for the calculation of 
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the normalized difference vegetative index (NDVI). The best results were provided by the analysis of 
the petiole sap followed by SPAD, while information derived from satellite images were of little value 
for the practical management of the N fertilization. Muñoz-Huerta et al. (2013) published a review work 
summarizing the characteristics of optical sensors, including those based on the measurements of tissue 
reflectance.  

These types of sensors can be divided into two main categories: (i) those that measure the 
reflectance of the canopy through a multispectral sensor dependent on passive sunlight, such as 
CropScan® (Cropscan, Rochester, NE, USA) and FieldSpec® (ASD PANalytical, Boulder, CO, USA); 
(ii) those that measure reflectance by producing the source light themselves, thereby providing a more 
precise measurement independent of the ambient light, such as N Sensor™ (Yara, Grimsby, UK), Crop 
Circle® (Holland Scientific, Lincoln, The Netherlands), and GreenSeeker® (Trimble, Sunnyvale, CA, 
USA). Most research on reflectance meters has been conducted with cereal crops, although some studies 
are available for vegetable crops (Padilla et al., 2015; Gianquinto et al., 2011; Padilla et al., 2014). The 
use of multispectral images for estimating the nutrient content of the canopy and nutrient supply 
management have been assessed in many reports (Baret et al., 2007; Usha, and  Singh 2013). Canopy 
reflectance measurements are based on the relationships between visible and near infrared (NIR) 
wavelengths and the crop canopy status (Fox and Walthall, 2008; Samborski et al., 2009). The 
reflectance value of specific wavelengths can be used in the computation of different indices, of which 
the NDVI is the most common (Muñoz-Huerta et al., 2013). Indices related to healthy and stressed 
crops can be compared for the interpretation of collected data. Finally, this approach improves 
fertilization management, has applied in extensive cropping systems, where the growing cycles are 
relatively long and the growers have enough time to correct mineral fertilization if necessary. On the 
other hand, this methods of analysis cannot  used successfully in  vegetable  which has short growing 
cycles (20–40 days) such as salad vegetables and radish crops. 

 
5.2. Root zone monitoring 

Soil testing to monitor nutrient availability in the root zone is a valuable alternative to plant 
monitoring. Fertigation can be modulated as a function of a target (i.e., optimal) concentration or 
quantity per soil volume of fertilizer, to be maintained in the root zone and to achieve optimal yield and 
quality for the crop. Nutrient availability particularly in root zone can be used for monitoring techniques. 
(i) Analytical  analysis in which nutrients are extracted by solutions containing barium chloride, 
ammonium acetate and calcium chloride, for example; (ii) analysis of soil or substrate aqueous extract 
(e.g., 1:2 V:V soil /water;  as described by Sonneveld, and Voogt, (2009), and (iii) analysis of soil water 
solution extracted from the root zone by suction lysimeters  (Granados et al., 2013). Detailed data of  
laboratory analyses of soil samples are more useful for pre-transplant fertilization and for the evaluation 
of nutrient availability in the medium-long period, for quick adjustments of fertigation particularly, 
during the cultivation period  using aqueous extracts appears to be more effective and accurate 
(Thompson et al., 2017). Over the last 20 years, corrective fertilization protocols for many greenhouse, 
based on the chemical analysis of extracts (1:2 V: V) have been developed. Samples were analyzed for 
nutrients from the root zone that collected each 3–6 weeks, depending on the crops. The nutrient 
solution can be adjusted after comparing analyzed values with pre-established thresholds, (Sonneveld 
and Voogt, 2009; Van den Bos et al., 1999). 

The frequent nutrient addition with low water volume supplied by fertigation means that the 
concentration of nutrients in the aqueous extract is highly representative of the root zone nutrient status. 
Method can applied for monitoring saline (ballast) ions (Hartz et al., 1996). Na, Cl or simply EC. 
Suction lysimeters allow an easy sampling of the soil solution in the root zone. This consists of a porous 
cup hermetically welded on a pipe into which a capillary is inserted. The capillary enables the collection 
of the circulating solution extracted from the soil after applying a vacuum (maintained for 24–36 h after 
the end of irrigation), using a pump or a simple syringe. The method has been widely investigated in 
Israel, Spain and Australia and has been found effective for the management of N in greenhouse crops. 
However, the uncertainty, measurements, due to the large spatial variation of the soil nutrient content , 
is a weak point that limits the commercial use of this technique (Granados et al., 2013). For example, 
Hartz and Hochmuth Hartz proposed using them in vegetable crops with a threshold value of 5 mmol 
L−1.  Hartz (2003) later concluded that errors due to the high spatial variability of the soil solution might 
limit their application. Experimental work on tomatoes and melons has been carried out in protected 
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cultivation but revealed a poor correlation between the nutritional status of the plant and the 
concentration of nutrients in the suction cup extract; the method therefore appears to be more suitable 
when excesses are avoided (Peña-Fleitas et al., 2015). The aqueous extract obtained through different 
methods can be analyzed with a rapid determination kit and other analysis tools (Thompson et al., 2009, 
2013;  Parks et al., 2012).  

Several rapid chemical analysis systems are on the market that can be used to monitor the 
concentration of nutrients in water extracts, but the most effective are based on the use of photometry 
with visible light and ion-specific sensors such as ion selective optodes (ISO), ion selective electrodes 
(ISE), and ion-selective field effect transistors (ISFEs). There are many simple and portable 
photometers available (e.g., RQ Reflectoquant Flex™, Merck KGaA, Darmstadt, Germany) and several 
rapid kits based on color reactions. Undoubtedly, ion-specific sensors based on optical (ISO) or 
electrochemical (ISE or ISFET) reactions are particularly suitable for the fertigation of soilless crops 
where the nutrient solution can be easily collected (Bamsey et al., 2012). Commercial examples of 
portable specific ion sensors are CardyNO3 Meter™, (Horiba Ltd., and Kyoto, Japan) for the 
determination of NO3−, and the Nutrient Analyzer™ (Clean-grown, Wolver Hampton, United 
Kingdom) for the determination of N-NO3, N-NH4, Ca, Mg, K, Cl, Na, PH and EC. Some studies have 
recently proposed the use of NIR reflectance for the estimation of N and P content directly on the soil 
samples without extraction treatments (Bogrekci and Lee, 2005; Bansod et al., 2014). Here, the 
measurement is carried out through spectroscopes or instruments in which the light source is provided 
by LED lamps emitting monochromatic light at wavelengths in the absorption range of the investigated 
element. In the future, these sensors could potentially estimate different chemical elements in soil. 

 
5.3. Decision support system based on crop monitoring 

The extensive research activity conducted through plant monitoring to assess crop nutritional 
status; however, few applicative protocols have been developed based on this method. High variability 
of nutrient concentration in plant tissues and the need for knowledge of their respective critical 
thresholds, which may change as a function of cultivated species, plant/organ age, cultivation system 
and pedo-climatic conditions, may limit the application of this approach under a wide range of 
conditions, which is an important aspect when transferring technologies into practical operations. For 
the above reasons, most DSSs based on corrective approaches related to soil monitoring or data for both 
soil/plant monitoring methods. This approach was proposed by Goffart et al. (2011) with the CRA-W 
model; the DSS predicts the total nitrogen  to be supplied as a function of expected yield and soil 
analysis, and 70% of the above quantity is given at transplant while the remaining 30% is supplied if 
necessary after evaluating plant status by rapid tissue analysis (e.g., using chlorophyll meters). The 
KNS (Kulturbegleitende Non-Sollwerte) method has been proposed for vegetable crops in Germany 
Lorenz et al. (1989), this DSS computes the N balance based on the assumption that a minimum nutrient 
buffer must be maintained in the root zone to ensure high yield and quality. KNS has been tested on 21 
different vegetables with an average N reduction of 57% compared with standard growers’ practice 
Ziegleretal (1996). An upgraded version of KNS is the N-Expert DSS Fellerand  Fink (2002), However, 
the most popular approach based on Horticulturae 2017, 3, 37 14 of 20  soil testing is probably the 
“Fertigation Model” Voogt et al. (2000) initially developed by Dutch researchers Sonneveld and  Voogt 
(2009), Van den Bos et al. (1999) before being used across Europe. The method has been extensively 
adopted at the commercial level in the Netherlands Thompson et al. (2017) and by growers from 
Mediterranean countries such as Italy Incrocci, and Gestire (2003) and Greece (De Kreij et al., 2007). 
In Italy, the method can be applied with the user-friendly software GreenFert (Incrocci and Gestire, 
2012) 
 
Conclusions 

Using fertigation through micro-irrigation systems is one of the most effective strategies to 
improve nutrient use efficiency in agricultural management techniques. The possibility of supplying 
nutrients elements at a low concentration rate with a high frequency may improve nutrient availability 
and furthermore, nutrient uptake by plant particularly in the root zone, besides, reducing risk of nutrient 
loss. Plant produce is the key form of dietary intake and source of nitrate consumption by human beings. 
Although nitrogen fertilizers are required for sustainable crop production to achieve food security, 
nitrogen efficiency of different crop plants ranges from 18 to 35%, causing the wastage of inorganic 
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fertilizers and has become a major source of nitrate contamination in the terrestrial and aquatic 
ecosystem. Various approaches have been discussed to keep plant nitrate accumulation and nitrate 
contamination in the environment to a minimal level. 

The above aspects gradually influence the economic and environmental sustainability of 
agricultural activities. Under optimal management, techniques are followed, the application of 
fertigation allows for high yield and quality of agricultural produce, and high income for growers. Drip 
irrigation provides more crops per drop and it saves about 30–50% of water. Thus, a major increase in 
water use efficiency and reduction in land and water degradation is essential. All researches, studies 
and approaches showed that increasing water use efficiency in irrigated agriculture is inevitable 
considering climatic change, drought conditions and decreasing water resources. This could be achieved 
mainly by use of drip irrigation. In addition, fertilizers and chemicals can be applied in safe and desired 
concentrations. Taking into account fertigation and drip irrigation, both of them could markedly 
improve availability and absorption of water and nutrients in soil, resulting in substantial increase of 
crop production and quality. Design, management, operation and maintenance of drip irrigation and 
fertigation need much more data on soil and crops, and higher skills and experiences. If all these 
conditions are taken into consideration, the maximum benefit can be obtained by use of drip irrigation 
and fertigation. 

Scientifically based criteria are adopted for determining the optimal type and application rate of 
fertilizers. The latter must be estimated because of objective methodologies that take into account all of 
the agricultural system variables that can interact with the fertilization process.  New and accurate 
methodology are urgent required for supporting that theory. Many aspects have been developed to 
achieve the previous aims, besides; new techniques involving promising instruments will be available 
for management of fertigated crops.by all of each approach revised, still decision support systems based 
on simulation models and soil-testing approaches are the most common, nevertheless optical sensors 
have much potential to accommodate the foregoing tools for precise control fertigation in intensive 
cropping systems 
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