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Abstract:



Nitrogen (N) is one of the most limiting factors for maize (Zea mays L.) production worldwide. Over-fertilization of N may decrease yields and increase NO3− contamination of water. However, low N fertilization will decrease yields. The objective is to optimize the use of N fertilizers, to excel in yields and preserve the environment. The knowledge of factors affecting the mobility of N in the soil is crucial to determine ways to manage N in the field. Researchers developed several methods to use N efficiently relying on agronomic practices, the use of sensors and the analysis of digital images. These imaging sensors determine N requirements in plants based on changes in Leaf chlorophyll and polyphenolics contents, the Normalized Difference Vegetation Index (NDVI), and the Dark Green Color index (DGCI). Each method revealed limitations and the scope of future research is to draw N recommendations from the Dark Green Color Index (DGCI) technology. Results showed that more effort is needed to develop tools to benefit from DGCI.
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1. Introduction


Maize (Zea mays L.) is an important crop in the U.S. with an estimated production area of 39.4 million hectares in 2013 and an average yield of 9.34 Mg·ha−1 during the last 10 growing seasons [1]. To achieve high yields, fertilization is a critical factor, and nitrogen (N) is considered essential in plant mineral nutrition [2]. Currently, more than half of the world’s population depends on food production made possible by the use of N fertilizers, especially in cereal crops [3].



Nitrogen plays an important and vital role in cellular metabolism [4]. Nitrate is mobile and stored in vacuoles. Nitrate reductase converts nitrate into nitrite. This complicated biochemical reaction occurs in the non-organelle portion of the cytoplasm. The primary functions of N are to provide amino groups in amino acids as well as to contribute in the biochemistry of many nonprotein compounds such as co-enzymes, photosynthetic pigments, secondary metabolites, and polyamines [5]. In fact, proteins contain 85% of the total N in the plant [6].



Studies have established a strong correlation between N content and photosynthetic activity in plant cells [5,7]. Nitrogen fertilization is a crucial factor in improving crops yields. However, over-fertilization of N does not improve crop yield and can reduce crop profitability by wasting fertilizer and leading to pollution of ground and surface waters [8,9]. Raun and Johnson [10] and Ladha et al. [3] reported that around 67% of N fertilizer used in cereal production worldwide was lost due to denitrification, surface runoff, volatilization, and leaching. For example, the global annual amount of nitrous oxide (NO) emissions from fertilized crops due to N denitrification and ammonia volatilization was about 3300 Mg, leading to a rise of greenhouse gases in the atmosphere [11,12].



Undoubtedly, under-estimating N fertilization needs may lead to low crop yields, and N uptake is very much affected by N fertilizer rates [2,13]. Nitrogen deficiency impacts negatively the growth of plants organs and leads to the loss of the green color [14]. Nitrogen fertilization influences total N uptake as well as total crop biomass production. For example, N uptake in maize increased from approximately 40 kg N·ha−1 to 95 kg·N·ha−1, and 3 grain yield in maize increased from 2.3 to 4.9 Mg·ha−1 when 120 kg·N·ha−1 was applied compared to the no-N control [15,16,17]. Shapiro and Wortman [2] determined that yield of irrigated maize increased with increasing N applications, until maize production plateaued, and then decreased.



The challenge today is to improve the efficiency of fertilizer use to avoid the adverse environmental impacts of N fertilizer. Several methods are used to improve N use efficiency (NUE), which is the ratio of grain yield to N supply (kg grain kg·N−1) [18]. Some of the techniques rely on agronomic practices, such as choosing the appropriate N fertilizer source, correct timing of N application, placement of N application, and the rate of N fertilizer [17]. Some scientists have developed different strategies to reduce NO3− leaching and recommended N fertilization rates based on potential maize yield, soil C and N mineralization, NUE’s and N response trials [19,20].



A different approach to improve NUE is the use of remote sensing tools to assess plant N and to formulate N recommendations based on leaf chlorophyll concentration or leaf greenness. For example, Samborski et al. [21] summarized a general review of reflectance sensors like the Chlorophyll Meter, the Green Seeker, the Crop Circle, the Fieldscan, and the Dualex, and reported the advantages and limitations of each sensor using wavelengths in assessing plant N status. Others like Pagola et al. [22] and Rorie et al. [23] determined that color image analysis from a digital camera was an effective tool to estimate plant N status. Purcell et al. [24] developed algorithms for N fertilization based on color image analysis, and this approach has been utilized in an app for iDevices called Greenindex+ that is marketed by Spectrum Technologies [25]. The focus of this review is to describe the maize N mineral nutrition and give an overview on sensor tools for assessing maize plant N status and recommending appropriate N quantities for maize.




2. Maize Nitrogen Mineral Nutrition


2.1. Nitrogen Metabolism in the Plant


Nitrogen stimulates root growth, and the uptake of other nutrients [5,26,27]. Generally, 85% of the total N in plants is associated with proteins [28]. The plant as NO3− and NH4+ takes up nitrogen, which are considered mineral forms and are referred to as residual soil N. Once NO3− is absorbed, it is either stored in vacuoles or reduced to NH4+ via the intervention of two enzymes: NO3−reductase, which converts NO3− to NO2−, and NO2−reductase, which reduces NO2− to NH4+ [29]. Ammonium is assimilated through glutamine synthethase and metabolized into amino acids and amides [30,31].



The concentration of N in the plant has a strong relationship with its growth, and N deficiencies may alter or inhibit plant growth. The plant is unable to achieve its maximum growth if the concentration of any nutrient in tissue is below the critical concentration. Nitrogen excess leads to a phenomenon called luxury consumption. The excess of N does not contribute to an increase of yield because the plant doses not metabolized into functional or structural compounds. The sufficiency for N in leaves is generally between 2.5 and 3.2 g N 100 g−1 in maize at late growth stages [28].



Nitrogen deficiency decreases leaf area formation, and as a consequence reduces the amount of solar radiation intercepted [32,33]. Nitrogen requirements are moderate at early maize growth stages but increases greatly after the V8 stage. By tasseling stage (VT), maize has accumulated approximately 76% of the N found in mature plants (Table 1, Leikman et al. [33]). Although young maize plants need relatively small amounts of N, deficiency at early growth stages should be avoided, since yield components in maize are set between V6 and V8.



Table 1. Accumulation of N in maize throughout the season [33].







	
Growth Stage

	
Days after Emergence

	
% of N Uptake of N Amount Applied

	
% of Final N Accumulated






	
4-leaf

	
32

	
0.81

	
<1




	
8-leaf

	
44

	
2.16

	
3




	
12-Leaf

	
59

	
5.6

	
9




	
Tassel

	
72

	
15.33

	
23.9




	
Silk

	
84

	
14.18

	
38.7




	
Blister

	
108

	
15.4

	
54.1




	
Early dent

	
139

	
23.17

	
77.3




	
Maturity

	
144

	
23.31

	
100











2.2. Nitrogen in Soils


The total N concentration of surface mineral soils generally ranges from 0.02 to 0.5%, which is around 3.3 Mg·ha−1. Most of the N, however, remains in organic forms with only around 2 to 3% of the organic-N mineralized throughout the growing season. The primary N cycle reactions or transformations identified in the soil are [26]:

	
Biological N fixation: is a process by which N2 in the atmosphere is converted into NH4+.



	
Mineralization: is the conversion of organic-N to NH4+.



	
Nitrification: The process of the transformation of NH4+ into NO3−.



	
Immobilization: This is the conversion of mineral N (NH4+ and NO3−) to organic N.



	
Volatilization: This is the transformation of CO(NH2)2 to NH3 gas.



	
Denitrification: This is the reduction of NO3− to NO and N2.








Mineralization and immobilization rate depends on the chemical composition of the residue, specifically the C/N ratio of the residue [34,35]. A C/N ratio greater than 20 leads to the immobilization of the residual N pool while a ratio less than 15 leads to the mineralization of the organic N pool. For example, wheat (Triticum aestivum) straws are slow to mineralize (C/N = 80 to 90) in comparison to green leaves of oilseed rape (Brassica napus) or maize (Zea mays) (C/N = 10 to 15), which mineralize rapidly.



Ammonia is subject to loss due to volatilization especially when urea is applied to moist soils. In addition, NO3− is susceptible to denitrification and leaching that occurs in saturated soil conditions. The choice of fertilizer, application timing, and fertilizer placement method are important considerations to minimize N losses from the soil. For example, N losses are significant when fertilizers are applied at once without any partitioning and/or directly to the soil without any incorporation [26].




2.3. Nitrogen Management in Maize


Nitrogen management for maize production varies across the world due to differences in soil characteristics, weather conditions, hybrid availability, and yield expectations. In less industrialized regions, farmers use farmyard manure applied at a rate of about 15 Mg·ha−1 or apply urea as a top dressing at an average application rate between 5 and 25 kg N·ha−1 [36]. Sometimes, farmyard manure is substituted by compost (8 Mg·ha−1) where available and others broadcast urea or ammonium sulfate at around 80 to 100 kg N·ha−1 at the time of planting [36]. In Arkansas, researchers [37] determined that in general, 1 kg·N ha−1 returned 50 kg grain ha−1. They gave detailed requirements of N fertilizer needs based on soil texture and yield goal (Table 2 and Table 3).



Table 2. Fertilizer recommendations (kg·ha−1) for maize grown in Sandy Loams or Silt Loams, based on yield goal [37].







	
Yield Goal kg·ha−1

	
Recommended N, kg·ha−1

	
kg Yield·kg−1 N






	
Up to 7875

	
134

	
69




	
9450

	
168

	
56




	
11,025

	
202

	
55




	
12,600

	
235

	
54




	
14,175

	
268

	
53










Table 3. Fertilizer recommendations (kg·ha−1) and nitrogen use efficiency (NUE) for maize grown in silty clays, silty clay loams, and clays, based on yield goal [37].







	
Yield Goal kg·ha−1

	
Recommended N kg·ha−1

	
NUE kg·kg−1 N






	
Up to 6300

	
140

	
45




	
7560

	
196

	
39




	
8820

	
252

	
35




	
10,080

	
336

	
30










Others [38] determined that 202 kg·N ha−1 was sufficient to achieve the optimal yield in silty clay loam and silt loam soils, but beyond this N rate, maize grain yield leveled off. Shapiro and Wortman [2] found during a two-year experiment that maize yield response to N fertilization in silty clay soils fit a quadratic model, and that the optimum N rate that gave the maximum yield was 198 kg·N·ha−1 and 145 N·kg·ha−1 for the first and the second years, respectively.



In situations of high residual N (between 46 and 92 kg·NO3−·ha−1 in 0–30 cm depth), maize does not respond to N fertilization [39]. The same author identified maize as a crop, which quickly reduces residual N over years. Residual N in a soil profile of 30 cm may drop around 87% after four years of consecutive maize.



On the other hand, N application greatly affects NUE in maize [21]. Abbasi et al. [17] determined that providing one half of the total N at sowing and the other half at V6 decreased N losses by denitrification, immobilization and leaching. In comparison to a single pre-plant, N application, N plant uptake and harvest index increased by 16 and 39%, respectively. This study confirmed research which [40] determined that a split application (one-third at planting and two-thirds as sidedress) was enough to maximize yield and increase NUE. Slow or controlled-release fertilizer and placement of N more precisely in the soil can also improve NUE [21].



Pre-sidedress nitrate testing (PSNT) is another way to predict N requirements and potentially minimize NO3− losses. This test measures soil NO3− levels in the top 30 cm when maize plants are 30-cm tall [41]. Pre-sidedress nitrate testing is a useful tool since it can predict in-season, sidedress N requirement early in the growing season, especially on manured soils or soils that have received large applications of fertilizer [21,42]. Pre-sidedress nitrate testing may reduce the amount of NO3− leached by predicting small N quantities required, hence, contributing to a reduction of ground water pollution [43]. However, PSNT has some constraints such as high labor requirements as well as short timing between soil testing and the time that fertilizer should be applied, which has slowed down the adoption of this technique by farmers [44].





3. Imaging Sensors to Determine N Requirements in-Season


Remote sensing techniques provide a platform for which plant stress and growth response can be evaluated. Sensors have been developed to measure the reflectance of incident light at various wavelengths and have been related to plant growth and vegetative cover. The use of vegetative indices has allowed users to relate differences in reflectance to changes in canopy characteristics [45]. There are numerous indices, all derived from ratios based on the reflectance of incident light at specific wavelengths. Spectral information has been used to evaluate micronutrient stress, detection of insect infestation, and disease infection of plants [46]



In recent years, several different sensors have been used to assess plant N status. The chlorophyll, or Special Products Analysis Division (SPAD) meter, estimates chlorophyll concentration in the leaf, which is correlated with leaf N concentration [47]. The SPAD meter calculates the red light absorbed by the leaf. The more absorbed red light, the greater the chlorophyll concentration in the leaf. The relationship between the SPAD meter values and leaf chlorophyll concentration is curvilinear following either exponential or polynomial functions [48].



3.1. Leaf Chlorophyll and Polyphenolics Measurement Method


The quality and productivity of crop are directly related to the green pigment visible in the leaves, which is due to the presence of chlorophyll. Leaf chlorophyll is mostly used as an index to diagnose diseases and getting the nutrient and nitrogen status in the plants [49]. Hence, the chlorophyll meter is a promising tool in leaf N assessment [47], and identifies N deficiencies in plants [50,51]. Varvel et al. [52] determined that to improve chlorophyll meter efficiency in predicting sidedress N needs (based on sufficiency index), maize N deficiency must be avoided during early growth stages. The best time for SPAD measurements for maize is V6, at which time chlorophyll meter readings are well correlated with leaf N concentration [51]. Unfortunately, the chlorophyll meter presents some limitations as it is expensive ($2500), has only a small sampling area of 6 mm2, and does not have the ability to detect small deficiencies ([51,53].



In addition to the leaf chlorophyll (Chl) content, researchers proposed the use of the leaf content of polyphenolics (Phen) as a potential indicator of crop N status. Because of their absorption features in the visible and in the UV part of the spectrum, both Chl and Phen can be measured by rapid and non-destructive optical methods [54]. The Dualex (Dynamax Inc., Houston, TX, USA) sensor is also used to assess N status in the plant by calculating the amount of polyphenolics in the leaf, which are associated with leaf N concentration. Sensors using near infrared radiance were able to predict optimum N rate for maize at tasseling but not at early growth stage in maize [55]. In contrast, Scharf and Lory [56] determined a strong linear relationship between economic optimum N rate for maize and near infrared radiance at V7, when soil pixels were removed from the pictures.




3.2. The Normalized Difference Vegetation Index (NDVI)


NDVI has been used to evaluate plant nitrogen status, chlorophyll content, green leaf biomass and grain yield [57,58,59]. The normalized difference vegetative index (NDVI) has gained wide acceptance based on its ease of use, only requiring two wavelengths, and the plant characteristics that have also been correlated. The Normalized Difference Vegetation Index (NDVI) is also a measurement that has been used extensively to assess N status in maize and other crops [60,61]. For instance, Crop Circle (Holland Scientific, Lincoln NE) has the ability to predict N rates to correct in-season deficiency in corn using NDVI [62,63]. An NDVI measurement occurs at two wavelengths; the first wavelength (from 0.4 to 0.7 μm) is associated with chlorophyll adsorption and the second wavelength is unabsorbed (from 0.7 to 1.1 μm). An NDVI number is the result of a comparison between the two measurements [56]. There is a strong correlation between NDVI values and N concentration in the canopy [64]. In addition, Mullen et al. [61] determined a high correlation between NDVI and grain yield of wheat. Commercial products using NDVI technology include the Green Seeker (Trimble, Auburn, AL, USA), the Field scan (Process Sensor Corp, Milford, MA, USA) and the Dualex (Dynamax Inc., Houston, TX, USA) [62,63]. Costs of the Crop circle or Dualex are about $2000 or more, thus hampering their use by farmers. On the other hand, NDVI can be used in other fields. Multi spectral analysis is a way to manage urban areas and perform municipal planning. In case of a disaster, NDVI is a great tool to facilitate intervention for humanitarian help [65].



Two types of NDVI instruments exist: those with passive and those with active sensors. Passive-sensor instruments rely on natural energy that is reflected or emitted from the observed scene to calculate NDVI, and external sunlight is the most common external source of radiation used by passive NDVI sensors. Passive NDVI sensors are not hyper-spectral, although most hyper-spectral sensors are passive. On the other hand, NDVI instruments with active sensors are equipped with light-emitting components that provide energy to illuminate the object they observe. Active sensors can be used independently of solar radiation but can only deal with specific wavelengths according to the type of light sensors [45].



NDVI is well correlated with plant N uptake, but it is prone to saturation with high N concentration or with green leaf area index LAI exceeding 2.5 to 3 [66]. In addition, canopy cover affects directly the reflectance for N concentration. NDVI assessment for maize leaf N concentration is biased when canopy cover is less than 100% [67]. A comparison between an active sensor and many passive sensors reported that the active NDVI sensor was less effective than the passive NDVI sensor in estimating green cover of wheat (r2 = 0.9 for the passive sensors vs r2 = 0.8 for the active sensor) [68]. In maize, for a maximum of effectiveness of sidedress N application, measurements using an active sensor should be made from V8 to V12 corn growth stage [69].




3.3. The Dark Green Color Index (DGCI)


Another technology that may give an appropriate way to assess plant N status is the intensity of green color from digital images of leaves. The camera records the image, and special software analyzes the image by measuring the greenness of the leaf based on red, green, blue (RGB) colors of the picture. The RGB values are converted into hue, saturation and brightness values using a method described by Karcher and Richardson [70] to calculate the Dark Green Color index (DGCI):


DGCI = [(Hue − 60)/60 + (1 − Saturation) + (1 − Brightness)]/3.



(1)







The resulting DGCI value is on a scale from 0 (very yellow) to 1 (dark green). Karcher and Richardson [70] and Rorie et al. [23] found DGCI an accurate tool to estimate N leaf concentration in turfgrass and maize, respectively. For example, Rorie et al. [23] quantified maize leaf greenness with a digital camera and image analysis software (Sigma Scan Pro 5, SPSS, 1998, San Jose, CA, USA) in terms of DGCI by modifying the digital-imaging method of Karcher and Richardson [70]. Rorie et al. [23] photographed the ear leaf of maize at tasseling against a pink board (to provide contrast in subsequent image processing) that had two internal color standards disks with known DGCI values (0.5722 for the green disk and 0.073 for the yellow disk). Color standards were included in each image to allow corrections of variations due to different conditions of light. This analysis established close relationships between leaf DGCI, leaf N concentration, SPAD and yield.



In subsequent research, Purcell et al. [24] developed a calibration curve for the amount of N to be applied at midseason to recover 90% or 95% of maximum yield based upon DGCI values made using a digital camera, measured at V6–V10 from the uppermost collared leaf. The DGCI was determined efficient in calculating the amount needed to apply for maize in silt loam soils. The DGCI prediction could save 60 units of N per hectare without impacting yield [71].



Based upon algorithms from Purcell et al. [24], Spectrum Technology (Aurora, IL, USA) [25] developed an iPhone app called Greenindex+ that assessed leaf N maize status and therefore predict the requirements of maize in nitrogen. The app was supposed to determine directly the DGCI values and leaf N concentration. However, research considers possible reasons for discrepancies between the method of Purcell et al. [24] and the Greenindex+ app [71]





4. Current State and Future Prospects


Sensors like the chlorophyll meter and the Dualex are promising tools to predict N requirements for maize. However, their costs, which are high (more than $2000), slowed down their adoption by farmers. The dark green color index (DGCI), which is not an expensive technology, is a tool that could potentially change how farmers determine the quantity of N fertilizer to apply to maize.



Future research might work further on this technology to overcome discrepancies between the app and the camera. In another research, the assessment of greenness using DGCI was effective in determining N concentration in soybean [72]. The DGCI would be a great technology to use in drones. The ultimate goal for researchers is to develop solutions in order to use this technology efficiently. Indeed, the classical method calculating DGCI after processing pictures in a special software as cited above requires proficiency in manipulating Excel files and image analysis software. At that point, DGCI requires a high education level. Applications installed in drones could be good solutions for farmers so they can adopt and benefit from DGCI technology.
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