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Abstract

:

Nitrogen (N) and water continue to be the most limiting factors for profitable maize (Zea Mays L.) production in the western US Great Plains. Precision application of N and water has the potential to significantly enhance input use efficiency without impairing yields. The overall objective of this study was to determine the most productive and efficient nitrogen and water management strategy for irrigated maize by using site-specific management zones and a proximal remote sensing approach. This study was conducted over 2016, 2017, 2018 and 2019 crop growing seasons near Fort Collins, Colorado, USA. Six nitrogen rates (0, 56, 112, 168, 224, and 280 kg N ha−1) were applied along experimental strips across three delineated management zones (low, medium, and high productivity). Four rates of irrigation were applied to maize (60%, 80%, 100%, and 120% of evapotranspiration) using a center pivot precision irrigation system equipped with zone control. Optical proximal sensor readings were acquired on all experimental strips four times during the growing season to assess four nitrogen management strategies (uniform, management zone (MZ), remote sensing (RS), and management zone remote sensing (MZRS)) on grain yield and nitrogen use efficiency (NUE). Results from this three-year study showed the significant interaction (p = 0.05) of zone vs. irrigation and irrigation vs. nitrogen across all years. In two of the three years (2016 and 2018), the high productivity zone benefitted from high irrigation rates, demonstrated by 16% and 18% yield increase from the lowest irrigation rate. In 2016, yield plateau was reached at 168 kg N ha−1 with 80% and 100% irrigation rates, whereas the plateau was reached at 112 kg N ha−1 in the 120% irrigation rate. These results demonstrate the possibility of fine-tuning zones, irrigation, and nitrogen to achieve optimum yield. While uniform and MZ nitrogen management strategies produced the highest grain yield, the best NUE was achieved via the RS strategy, followed by the MZ strategy. In this study, the MZRS strategy (combined MZ and RS) did not produce superior yield and NUE as compared to uniform and other strategies. However, there is a tremendous opportunity to fine-tune these two strategies, using other algorithms that are not explored in this study to improve the sustainability of maize production under irrigated conditions.
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1. Introduction


In 2016, growers in the US harvested roughly 35.1 Mha of irrigated maize (Zea Mays L.) with an average yield of 11.7 Mg ha−1 [1]. The majority of these acres are not managed with the precision application of inputs. There is a tremendous opportunity to improve the profitability of maize production via the precision application of crop inputs such as nitrogen and water. Input use efficiency could be improved through precision agronomic research and the adoption of best management practices by growers [2]. Input use efficiency also depends on managing spatial variability that exists in crop fields [3]. Soil and crop scientists have developed ways to characterize spatial variability and have demonstrated that precision-farming practices enhance growers’ input use efficiency and productivity, mitigate environmental pollution [4,5], and maintain or increase profitability [6,7]. The advent of precision-farming technologies such as precision planters, sprayers, and irrigation systems allows growers to vary the application rates of inputs at every location of a crop field. While researchers and growers have become more aware of the implications of spatial and temporal variability in crop fields, there is still a need to develop an empirically proven strategy to optimize spatial management of fertilizer and water.



Nitrogen (N) is among the most limiting nutrients in maize production, and it must be applied at an optimum rate to maximize profitability. The prevailing approach for N application by farmers is to apply a uniform rate across an entire field. However, due to in-field spatial variability, uniform application leads to misappropriations of N applied relative to crop N need [8]. When N is under-applied, yields are limited, and economic returns are diminished [9]. When N is over-applied, up to 30% of N inputs may be lost due to nitrate leaching below the root zone [10]. The over application of N has shown to be a significant and hazardous non-point source pollutant in surface and subsurface waterways, as well as contributing to nitrous oxide emissions. The consequences of inefficient application of N fertilizer in agriculture have been shown to be harmful to ecosystems and human health [11].



Research has shown that the use of site-specific management zones (SSMZ) for variable rate application of N is a simple and effective way to increase nitrogen use efficiency (NUE) and mitigate N pollution of the environment [4,12,13,14]. The site-specific management zones are demarcated homogeneous sub-regions in a crop field that have similar and inherent yield limiting or conducive factors [15]. The use of SSMZ in a field allows for the ability to adjust N fertilizer rates to match crop requirements based on soil fertility. Management zone creation and delineation employs many methods, including remotely sensed imagery, soil electrical conductivity, soil surveys, and yield data [16,17,18,19]. These methods allow the characterization of soil macro-variability. Typically, management zones are generated to classify a sub region’s productivity into high, medium, and low productivity potential. With the SSMZ approach, N fertilizer is applied at a variable rate across a field and at a uniform rate within a management zone at rates determined to optimize productivity in each zone independently.



The management of N fertilizer is further complicated by the need to consider other environmental and management variables, most importantly water. Nitrogen is both highly mobile and soluble in the presence of water in soil. Crop growers must consider both precipitation and irrigation water when scheduling and applying N. Worldwide, 17% of cropland is irrigated and produces 40% of the total food supply [20]. Irrigated crop cultivation continually faces many challenges related to water management, notably competition for water from increasing municipal demand, and threats to the stability of water supply due to the increasing severity and likelihood of drought [21,22,23,24]. Precision irrigation management systems have the potential to significantly reduce water consumption by crops, by applying the right amount of water at the right place and at the right time, without impairing grain yields. While the technology and methods to implement precision irrigation have been available for over a decade, the adoption of and appreciation for precision irrigation is not yet widespread [25]. Research conducted at Colorado State University to quantify variability in soil water content has revealed that even a precision leveled field with uniform soil type and textural class show significant spatial variability in soil water content [26].



Variable rate irrigation (VRI), much like variable rate N management, requires further study and application in order to determine the most efficient use of water that also promotes grain yields. Variable rate prescription maps, which are employed to allocate different levels of water across a field, are typically static and may not change over a growing season. This makes VRI simple to apply, but does not account for changes in spatial and temporal variability over a growing season within a field. Furthermore, to implement VRI, it is necessary to quantify and categorize a field into irrigation management zones. Results from previous research are mixed, indicating that many common tools and soil attributes used to classify a field and manage VRI do not always adequately characterize variability in water availability during the growing season, and thus misallocations in timing, location, and amount of water applied for irrigation can occur [27,28].



Interactions between N rates, irrigation rates and grain yield have been well documented [29]. Higher rates of N result in increased water uptake at full irrigation when compared to low rates of N and limited irrigation [30,31]. Furthermore, the implementation of SSMZs for the management of N predates those for irrigation. Given that a field has previously been delineated for zone-based management of N fertilizer, it is conceivable that established zones may adequately characterize soil variability, as they relate to differences in soil factors affecting water availability. For example, soil texture can be inferred from bare soil color, which affects both N and water availability during the growing season [32]. The review of the literature does not indicate if zones delineated for N management can also be implemented for VRI, in such a way that increases or maintains grain yields within zones and across a field.



Commercially available proximal sensors are also used as tools for deciding in-season variable rate N management. The proximal sensing-based technique entails observing the optical properties of a crop to detect biotic or abiotic stresses [33,34,35,36,37]. Plant leaves contain chlorophyll a and b for the conversion of light energy to chemical energy, and the amount of solar radiation absorbed by a leaf is directly related to chlorophyll content and leaf area. Hence, chlorophyll content determines the photosynthetic potential and primary production of plants [38]. Additionally, chlorophyll content is a function of leaf N content and provides an indirect estimate of plant nitrogen status. Normalized Difference Vegetative Index (NDVI) is a widely used vegetative index and has been shown to correlate well with leaf N status and final grain yield [38,39,40]. Both the SSMZ and proximal sensing approaches aim to increase NUE and yield by determining the optimal rate of N to apply. However, coupling the two techniques (proximal sensing and management zones) together has proved challenging because SSMZs are determined with soil characteristics, while proximal sensing is based on crop canopy reflectance [41]. Quantifying and monitoring crop N response within a field and at the correct time in the growing season, and quantifying the unique soil variables that affect demand for N by the crop, must be accounted for in order to implement RS and SSMZ approaches individually, let alone in combination [42,43].



The overall objective of this research was to determine the most productive and efficient site-specific nutrient and water management strategy for irrigated maize. The specific objectives were as follows: (i) to assess crop grain yield response to variable rate nitrogen and water management across site-specific management zones and (ii) to assess the effects of four nitrogen management strategies that incorporate in-field macro-variability (soil-based) and micro-variability (based on proximal sensing of crop canopy) on grain yield and NUE.




2. Materials and Methods


2.1. Site Description


This study was conducted over the 2016, 2017, 2018, and 2019 crop growing seasons on field 3100 at Colorado State University’s Agricultural Research Development and Educational Center, in Fort Collins CO, USA (40°40′38.24′′ N, 104°58′44.76′′ W). The site has employed a continuous maize cropping system with a center pivot irrigation system equipped with GPS, telemetry, variable frequency drive motor, and drop nozzles for variable rate applications of water. Soils at the site are classified as a fine-loamy, mixed, super active, mesic, Aridic Haplustalf [44]. The soil series at the study site were characterized as Kim loam and Nunn clay loam. The study site was prepared with vertical tillage in the fall of 2015 after harvest of the previous maize crop. In the Spring season prior to planting across all three years, the starter fertilizer monoammonium phosphate (11–52–0) was applied at a uniform rate of 132 kg N ha−1 across the field and incorporated into the soil with a Brillion mulcher (Landoll Corporation, Marysville, KS, USA).



Site-specific management zones were previously delineated on the study field based on the methodology described by [13]. The field was classified into productivity potential management zones of low, medium, and high, and these are referred to as zones 1, 2, and 3, respectively (Figure 1). Specifically, bare-soil aerial imagery, topographic maps and the farmer’s experience of yield history were utilized to classify the areas of field into three management zones.




2.2. Experimental Design


For the purpose of objective (1), the experimental design consisted of a completely randomized block design with five treatments per block. The treatment strips (4.6 m) were planted across the entire length of the field in the east to west direction such that the treatment strips traversed over each management zone. Care was taken not to reuse the plots used in the previous year’s experiment to reduce the effect of residual nitrogen. Using a six-row John Deere precision vacuum planter (Deere & Company, Moline, IL, USA) with 76.2 cm row spacing, DKC 46-20 (Dekalb) maize hybrid was planted in all four growing seasons between the last week of April to first week of May. The seeding density was 94,000 seeds ha−1. Every year, pre-planting herbicide RoundUp® (Monsanto Company, St. Louis, MO, USA) was sprayed to control weeds. After field preparation, 132 kg ha−1 11-52-0 monoammonium phosphate and 5.6 kg ha−1 Zinc (36% Zinc Sulphate) was applied and incorporated using a mulcher. After fall harvest the field was vertically tilled every year. The first irrigation was started as soon as the planting was completed.



The nitrogen fertilizer rates chosen in this study were intended to encompass the range of N rates below and above the side-dress N rates typically used by growers for irrigated maize cropping systems in the western Great Plains. In years 2016 and 2019, five N rates of 0, 56, 112, 168 and 224 kg N ha−1 using 32% Urea Ammonium Nitrate (UAN) were side-dressed by dribbling UAN in between the maize rows at the V8 crop growth stage [45]. In years 2017 and 2018, N fertilizer was applied in the same manner but with an additional rate of 280 kg N ha−1 of 32% UAN, for a total of six N rates. A high clearance Lee Spider tractor (Lee Agra Inc., Lubbock, TX, USA) equipped with a differentially corrected GPS unit was used to side-dress UAN fertilizer. The tractor was equipped with a set of six drop tubes (one per maize row), and each drop tube had a gang of three nozzles that can be switched to provide a different N rate, which was calibrated for the purpose of this study. As an additional precaution, prior to N application, each experimental strip was flagged with a unique color to indicate the level of N rate to be applied.



Based on the input from collaborating farmers, three rates of irrigation calculated as 80%, 100% and 120% (low, medium, and high rates) of evapotranspiration (ET) were applied in the 2016 crop growing season. In years 2017, 2018 and 2019, irrigation rates were revised to 60%, 80%, and 100% of the ET (low, medium, and high rates). The experimental layout was designed such that some or all of the levels of irrigation were randomly applied to clusters of experimental plots within each strip to achieve combinations of every factor level (i.e., N rate, management zone, and irrigation rate). At each irrigation event, the 100% ET irrigation rate was used as the base application rate, and the other two rates varied accordingly. To schedule and determine the quantity of water applied for irrigation events, an online irrigation water management tool, Water Irrigation Scheduler for Efficient Application (WISE) [46], was used. The WISE tool uses a soil water balance approach by employing weather and soil data, which is readily available online, to model daily crop ET using the standardized Penman–Monteith equation for tall reference ET [47], a seasonal crop coefficient curve for maize [46], and plant available water in the soil. Irrigation was triggered, and the amount of irrigation was applied such that the soil water content level stayed above-, at- or near-maximum allowable depletion, as determined by the WISE model (186 mm), throughout the growing season. The experiment was conducted over four crop growing seasons from 2016 to 2019, however data for 2017 were not used in the analysis because of erroneous technical issues in experimental strips.



For objective 2, the experimental design and project work was planned to allow comparisons of four unique N management strategies. These N management strategies were as follows: (i) conventional uniform application of N, referred to as “uniform”; (ii) a variable rate N management strategy that consisted of applying a variable rate of N across management zones referred to as “MZ”; (iii) a proximal sensor-based variable rate N management strategy referred to as RS; and (iv) a variable rate N management strategy based on remote sensing within each management zone referred to as “MZRS”. Nitrogen use efficiency (NUE) was calculated as follows.


  N U E =   Kg g   G r a i n     h a   − 1     K g   N     h a   − 1      



(1)







Grain was harvested with a six-row Case IH model 1660 (Case Corporation, Racine, WI, USA) combine harvester equipped with an XYZ yield monitoring system. The yield data was corrected for errors using the protocols described by [48] for subsequent statistical analysis.




2.3. Proximal Canopy Sensing


The GreenSeeker (Trimble Navigation Limited, Sunnyvale California, USA) hand-held sensor was used to measure normalized difference vegetation index (NDVI). The NDVI readings were acquired continuously by walking at the center row (third from the north) of every 6-row experimental strip, at the height of 0.8 m above the crop canopy in an east to west or west to east direction. The starting and ending point of each experimental strip and the time of data acquisition were the same for every sensor reading date. The GreenSeeker collects and records NDVI at 10Hz. Every 10 NDVI readings were averaged to create one-second NDVI measurement points and then geocoded at a constant travel speed of 1 m s−1. In 2016, NDVI was measured at the V9 crop growth stage, whereas in 2018, NDVI was measured the V10 crop growth stage. Data from only 2016 and 2018 were used for objective 2 because reliable NDVI data could not be collected in 2017 and 2019 due to unexpected technical complications.




2.4. Statistical Analysis


2.4.1. Zone, Nitrogen and Water Effects


For all three growing seasons (2016, 2018, and 2019), the factors and their levels were defined as irrigation rate (60%, 80%, 100%, and 120% of ET), nitrogen rate (0, 56, 112, 168, 224, and 280 kg N ha−1), and predetermined management zones (low, medium, and high). The response variable was harvested maize grain yield (Mg ha−1). A 2-level linear mixed model was fit to grain yield data where the study factors were assigned as fixed main and two-way interaction effects in the model. Three-way interaction was dropped from the model to simplify the model, as it was not significant. The random effects included were experimental strip and strip by management zone combinations to account for the design structure (split–split plot). All random effects were assumed to be independent and normally distributed with an expectation of mean zero and some variance component. The model was defined as:


   Y  i j k l   =    µ    +    (   T i    +      R   j    +      Z   k   )     2    +      B   l    +    B     ( Z )    l k     +      ε    i j k l    



(2)




where Yijkl is the predicted grain yield with N fertilizer rate i, irrigation rate j, located in MZ k, with overall mean µ. The squared term accounts for all fixed main effects and fixed two-way interactions of N rate with i = 1, … t, irrigation rate j = 1,… r, and MZ k = 1, … z. The random effects (εijkl) in the model included experimental strip l as well as MZ within each experimental strip B(Z)l(k) with l = 1, … b.



Using restricted maximum likelihood and Kenward–Roger degrees of freedom, F-tests were generated for the fixed effects using Type III ANOVA. Standard residual diagnostic plots were used to check the assumptions of the model. Data analysis was performed using R for Windows software, Version 3.3 [49].




2.4.2. Four N Management Strategies


A subset (n = 270 out of a total of ~9000 observations) of the data was randomly selected to create an orthogonal dataset comparing yield across four N management strategies. The data selection criteria for each strategy are described below and outlined in Table 1.



	(i)

	
For the “uniform” N management strategy, yield observations were sub-sampled corresponding to uniform N rate of 224 kg N ha−1 independent of management zones.




	(ii)

	
For the management zone N strategy (MZ), yield observations were sub-sampled based on their location within management zones 1, 2, or 3. For zone 1, yield observations corresponded to a lower level of N application and a high level of N for zone 3.




	(iii)

	
For the proximal sensor-based N strategy (RS), a multi-step process was employed to prepare the yield dataset as follows: (a) Measured NDVI values were assigned to each yield pixel (21 m2). (b) The NDVI dataset was then classified using a k-means clustering algorithm (R Development Core Team, 2012) leading to five NDVI classes. (c) Each NDVI class was grouped with a level of N rate such that low NDVI classes were paired with a high level of N and vice versa for high NDVI classes.




	(iv)

	
For the fourth N management strategy, remote sensing within zones (MZRS), steps (a) and (b) of strategy (iii) were performed within management zones leading to three NDVI classes per zone. These three NDVI classes within each management zone were grouped with corresponding levels of N such that low levels of N rate were grouped in zone 1 and high levels of N rate in zone 3.







The four N management strategies were then statistically analyzed to compare yield levels and NUE using ANOVA and Tukey’s HSD statistics. This was performed with the “aov” and “TukeyHSD” functions in R statistical package (agricolae) [49].






3. Results


3.1. Weather Summary during the Study Period


Northeastern Colorado is a semi-arid environment, and the study site is located in the rain shadow of the Front Range of the Rocky Mountains. Daily precipitation, average temperature and evapotranspiration for each growing season is presented in Figure 2. Some of the most notable weather information was as follows. In 2016, the mean temperature was 4.5% greater (1.5 °C) than the 30-year historical average, and nearly no precipitation occurred in July (DOY 182–212). Furthermore, 84% (i.e., 533 mm) of the water applied to the crop came from irrigation in 2016. In 2018, the crop experienced a significant hail event at the end of July, occurring at the R2 (second reproductive) growth stage. Extensive and significant damage to the crop canopy occurred as well as to the developing ears. However, the damage was observed to be uniform across the field and within treatment blocks. Thus, treatment effects could still be inferred for 2018.




3.2. Summary Statistics


A summary of maize crop yield categorized by year, zone, nitrogen rate and irrigation rate is presented in Table 2. The crop yield was normally distributed in all three years. While the average crop yield ranged from 8.81 to 10.67 Mg ha−1 across zones and years, the year 2019 had the lowest average yield in general. The increase in irrigation rate was reflected as an increase in the yield across all three years. As expected, the addition of N fertilizer increased maize yield.




3.3. Effect of Zone, Nitrogen and Irrigation Rates on Maize Yield


The results from mixed-model ANOVA (Table 3), with the same significant main and interaction effects in all years, indicate that our results are highly consistent across years. The main effects of nitrogen (NR) and irrigation (IR) were significant, whereas zone was not significant in all three years. However, in the presence of significant two-way interactions, a direct comparison of the main effects becomes irrelevant. The remainder of the Section 3 will focus on understanding the effects of the interactions among zone, nitrogen, and irrigation rates on maize yield.



3.3.1. Zone and Irrigation Interaction


There was a significant interaction (p < 0.001) between zone and irrigation rates (Table 3 and Figure 3). A detailed statistical comparison of yield across irrigation rates within each zone is shown in Table S1. In year 2016, the high productivity zone (3) benefitted from higher irrigation rates, with 16% and 18% greater yield as compared to 80% and 100% irrigation rates, respectively. Furthermore, in 2018, the highest irrigation rate (100%) in zone 3 produced significantly greater (10.71 Mg ha−1) yield as compared to lower irrigation rates. Such a response was not observed in the year 2019.



A further breakdown of the interaction between zone and irrigation is presented in Figure S1 by plotting the interaction at each nitrogen level. The interaction within each nitrogen rate follows the same trend as in the overall interaction (Figure 3). Only in year 2016 did we have an irrigation rate that was 120% of ET, and we observed that the high productivity zone (3) recorded significantly greater yield at all nitrogen levels as compared to lower irrigation rates. Year 2018 exhibited similar trend as in year 2016.




3.3.2. Zone and Nitrogen Interaction


Unexpectedly, there was no significant interaction between zones and nitrogen rates (Table 3) in any year. The mean yield ranges (from lowest and highest nitrogen rates) were 7.03–11.62 MG ha−1, 8.14–10.87 Mg ha−1, and 6.74–10.09 Mg ha−1, in years 2016, 2018, and 2019, respectively. Despite large ranges and an upward trend in yield with increasing nitrogen rate, no significant nitrogen effects were observed within zones, which was attributed to large standard errors of estimates.




3.3.3. Irrigation and Nitrogen Interaction


There was a significant interaction between irrigation and nitrogen rates (Table 3 and Figure 4). As expected, a typical maize nitrogen response curve was observed for all irrigation rates across all three years (Figure 4), and higher irrigation rates were associated with the better yield response of nitrogen. In year 2018, the interaction between irrigation and nitrogen rates was not evident in Figure 4. Still, it was statistically significant, and higher irrigation rates had better nitrogen yield responses as compared to lower rates. In 2016, the yield plateau was reached at 168 kg N ha−1 nitrogen rate in 80% and 100% irrigation rates, whereas in the 120% irrigation rate, the plateau was reached at 112 kg N ha−1 nitrogen rates. The plateau rate was identified as the rate of nitrogen beyond which there was no significant increase in yield (Table S2). The yield plateau at lower nitrogen rates combined with high irrigation rate shows the synergistic relationship of irrigation and nitrogen and the possibility to tweak nitrogen and irrigation rates for optimum yield. In 2018, surprisingly, there were no significant differences in yield between nitrogen rates within irrigation rates; however, there was a general increase in mean yield with increased nitrogen rate (Figure 4). Year 2019 followed a similar trend as in 2016; however, the yield plateau was reached at the 112 kg N ha−1 nitrogen rates in all irrigation rates. A more detailed breakdown of interaction between nitrogen and irrigation rate is presented in Figure S2 by plotting interactions within each management zone.





3.4. Nitrogen Management Strategies


The four nitrogen management strategies evaluated in this study had a significant (p = 0.05) effect on the mean grain yield (Figure 5A). The uniform N management strategy, where 224 kg of N ha−1 was applied uniformly, produced the greatest grain yield (11.28 Mg ha−1); however, the MZ strategy resulted in a mean grain yield (10.99 Mg ha−1) that was statistically equivalent to the uniform N management strategy (p = 0.05). The RS (10.75 Mg ha−1) and MZRS (10.71 Mg ha−1) strategies underperformed as compared to the uniform strategy but were on par with the MZ strategy. Figure 6A shows the relationship of nitrogen rates with yield across 2016 and 2018, and four management strategies. We observed high variability in yield across the management zones and years, however a strong linear relation was observed between nitrogen rates and yield, as expected.



As presented in Figure 5B, all three N management strategies that employed a variable rate N fertilizer application resulted in significantly improved NUE when compared to the uniform strategy. As compared to the uniform strategy, the MZ, MZ-RS and RS strategies recorded 41%, 50%, and 89% more nitrogen use efficiency, respectively. While the average N rate applied was the same for every variable rate strategy, these strategies involved appropriating N fertilizer based on either or both micro and macro variability across the field as opposed to the uniform strategy. This resulted in increased efficiency but not necessarily increased grain yield. Figure 6B shows the exponential decay of NUE with increasing nitrogen rate. The green symbols in Figure 6B show the low NUE of the uniform strategy and the uniformly low variability in the uniform strategy.





4. Discussion


The results from the irrigation portion of this study are notable, given the variability in weather that occurred over all three growing seasons. It appears that in zones 1 and 2, a high irrigation rate can even be detrimental to grain yield where yield reductions ranged from 5% to 10% when comparing the highest rate of water applied to the middle rate (Figure S1, year 2016). The very high irrigation could have resulted in nitrate leaching or denitrification losses, causing a yield drag as suggested by Michalczyk et al. [50]. Another study has indicated that excess irrigation can result in decreases in grain yield due to reduced oxygen exchange between soil and the atmosphere, reductions in root growth and reduced transport of nutrients and water from roots to above-ground biomass [51]. These results seem to confirm that grain yield can be maximized, or significant losses avoided, when a slight deficit irrigation approach is undertaken [52,53,54]. In addition to yield losses, high irrigation/rainfall rates when exceeding soil water holding capacity result in losses of nutrients through drainage, leaching and run-off [29]. As indicated previously, the 2016 growing season was hot and dry even for the semi-arid conditions of Northeastern Colorado. It has been documented that the American Society of Civil Engineers’ (ASCE) standardized Penman–Monteith equation [47] for calculating reference ET, used by WISE to estimate crop ET in this study, can result in underestimations of ET in hot advective environments [55]. Thus, the irrigation applied could have been misappropriated such that the 120% ET rate was, in reality, a 100% ET rate. However, in two of the three years, the zone 3 mean grain yield was the most sensitive to the highest irrigation rate. Clearly, more research is needed to evaluate such aspects of irrigation when employing SSMZ, especially a robust analysis of soil conducted at a spatially dependent sampling scale to correctly identify and quantify the soil variables that drive variability in soil water content. However, VRI systems show promise in maximizing grain yield and water use within and across management zones. Additionally, the potential to couple variable rate center pivot with deficit irrigation management strategies may be possible at this field. The results from this study also indicate that management zones originally delineated for the purpose of N management can potentially also be employed for the management of VRI.



The lack of a significant interaction between zone and N rate in two of three site-years appears to be anomalous, as long-term research has documented that the variable rate N fertilizer optimizes and/or maximizes yield across management zones [7,12,13,56]. However, observations from this study are not unprecedented in past research. A study conducted in Nebraska that employed SSMZs and variable rate N with irrigated maize found no significant differences in grain yield at different levels of N across the field or amongst zones [57]. There are multiple reasons that could be attributed to the lack of significant zone and N interaction in this study. First, the year 2016 was an unusually dry year, where only 16% of the crop water need was met by precipitation. Though this study site had a sprinkler pivot irrigation system, field observations made during the season indicated periods of crop water stress in between irrigation cycles. Second, the study site underwent significant change in 2012, when it was precision leveled from a previous field-gradient of 3% to a gentle slope of <1% to accommodate a transition from a furrow irrigated system to a precision irrigated center pivot system. Finally, yield reductions associated with employing a continuous maize cropping system may limit the efficacy of using SSMZ. However, a review of the literature indicated that no study has been conducted to determine the effect of cropping system on SSMZ. The management zones currently employed at this study site were delineated prior to 2012 under a furrow irrigation system. Under furrow irrigation, water moved from west to east in the field. This is also reflected in the productivity potential of management zones delineated (Figure 1) on the field, as they followed a west to east gradient, where the eastern part of the field was the most productive or designated as the high management zone. It could be postulated that the management zones may have shifted, both spatially and temporally, due to the change in irrigation methodology. This would indicate that management zone delineation could also be related to management (e.g., furrow irrigation gradient) as opposed to restricting delineation patterns to soil properties. To date, minimal research has been conducted to determine how and if zones shift spatially with management habit modification and if there exists a necessity to reclassify fields as management changes occur. More research is needed to reclassify this field and similar other fields for the most efficient maize production systems. Recent research into SSMZ have also shown mixed results when comparing grain yield response to N applied in different amounts across fields and within zones [58,59]. Peralta, Assefa, Du, Barden and Ciampitti [59] found that applying more N in low and medium productivity zones did not always result in higher grain yields. It is suggested that these results are likely due to a lack of substantial differences in soil series present in a field, as a lack of soil series difference may result in similar depths of soil, water availability and temperatures. All these significantly impact N mineralization and availability during the growing season.



Significant irrigation and nitrogen interaction in all three years highlights the importance of fine-tuning water and fertilizer input for maximizing yield. Our results are in concordance with past studies, which showed a significant interaction of nitrogen and irrigation in maize yield and growth [60,61,62]. The results from the year 2016 show that at high nitrogen rates (224 kg N ha−1), irrigation rates did not affect yield, and all rates produced the highest yield that year. However, the same level of yield was obtained by using 100% ET irrigation and 168 kg N ha−1 nitrogen, or 80% ET and 224 kg N ha−1 nitrogen. In 2019, the yield achieved with 60% ET irrigation and 112 kg N ha−1 was statistically on par with all other combinations of higher irrigation and nitrogen rates. High N rates associated with low irrigation rates could result in excess N, which could not be used by the plant due to water stress. Over time, the excess N could be transported to waterways and contaminate the environment [4]. Our results are supported by the study by [63], who reported a synergistic relationship between irrigation and nitrogen rates and improvement in water use efficiency in maize; however, the maximum nitrogen rate was only 100 kg N ha−1. This result has important implications for the cost-effective management of agricultural inputs (water and fertilizer). If water is not limited, there is an opportunity to reduce the nitrogen rate without yield penalty, and vice versa. Given that the experiment was conducted in the semi-arid environment of Colorado, the effect of irrigation on yield was much more intense than N rates.



The comparison of yield and NUE from four nitrogen management strategies provided an interesting perspective on variable nitrogen management. It has been postulated in previous research that the combination of management zone and in-season crop canopy sensing could produce optimal N rates in terms of grain yield, and lead to more efficient N application [41,42,64,65]. A limitation with this study, which may explain the lack of grain yield advantage when combining proximal sensing and management zones, was the assignment of N rates to NDVI clusters within and without zones (i.e., the MZRS and RS strategies). This research is intended to be postdictive, whereby, under reasonable assumptions, N rates were assigned to NDVI clusters. The yield data that corresponded to the two N management strategies that involved the remote sensing of the canopy were sub-sampled, assuming that low NDVI values indicated that higher rates of N were required at side-dressing, and vice versa for high NDVI values, in order to achieve improved yields and enhance the efficiency of N application. Given advances in sensor technology and variable rate applicators, it is easy to envision an improvement to the RS and MZRS strategies that employ “drive and apply” sensing to variably apply N in the field based on remote sensing of the canopy as an applicator traverses a farm field. A recent study [66] on wheat in Brazil compared identical strategies through simulation. The corresponding RS strategy employed a previously developed algorithm [67] for maize. This algorithm employed a virtual reference strategy by using the 95th percentile value from a vegetation index collected on-the-go to calculate a sufficiency index, similar to research developed by [68]. To couple the MZ and RS strategies, a virtual reference within each zone was used. By quantifying the virtual reference within each zone, their methodology resulted in a zone-specific algorithm for N application rates to prevent over or under applications of N within zones based on canopy reflectance and zone. While the results from this study showed that grain yields might sometimes be reduced when implementing variable rate N strategies, as compared to the uniform N management, it does not imply that farmers would not choose progressive efficiency-centered approaches for N management. At both the individual farmer and societal levels, the need to consider productivity, efficiency and environmental sustainability related to N management is apparent [2]. In the United States, it has been estimated that the negative externalities of reactive anthropogenic N, of which agriculture is the single largest contributor, results in between USD 81–224 billion yr−1 in damages to human health and the environment [69], while in Europe, an attempt is being made to quantify a socially optimal N rate that, when considering the external costs of reactive N in the environment, arrives at 120 kg N ha−1 [70]. Often, the profitability of applying N at the agronomical optimum rate is insignificant when applying slightly more or less N, and high costs to the environment and human health can be mitigated or made worse by lowering or raising N rates by even small amounts. The North China Plain is an area of intensive agriculture where farmers on average apply 369 kg N ha−1 for growing winter wheat [71], and a study conducted there, to compare ecological and socially optimal N rates to agronomic and profitable N rates, concluded that N rates could be reduced to the benefit of human health and the environment without harming the livelihood of farmers [72]. They reported that a socially optimal N rate resulted in grain yields that were up to 5% lower than the agronomic rate, but applied N rates decreased by 58%, and NUE increased by up to 138%. Furthermore, it was found that reductions in yield did not result in a significant decrease in profits given the savings associated with less N applied. Pending a further economic analysis, it is conceivable that employing the MZRS strategy as presented here may still yet be a viable economic option, given that grain yield reductions on average were not large and NUE increases were significantly larger when compared to the uniform strategy. This approach may still be appealing to some farmers who consider their ecological footprint when managing N fertilizer, especially when considering that demand for grain in the US is relatively inelastic.




5. Conclusions


Precision nitrogen and water management, via management zone and proximal canopy sensing approaches, has tremendous potential to improve and optimize grain yield and nitrogen use efficiency in irrigated maize. The first goal of this study was to understand crop grain yield’s response to variable rate nitrogen and irrigation across site-specific management zones. Our results suggest that grain yield was affected by the interaction in management zone, irrigation and nitrogen. Variable rate irrigation showed promise in conserving water without significant reductions in grain yield if a moderate reduction (20%) in water is applied both across the entire field and within zones. Furthermore, there is evidence that site-specific management zones delineated for the purpose of N management could be used for the variable management of irrigation water as well. While further research is necessary to better understand how zones may shift in space and time as well as to characterize variability in soil water, the site-specific management approach could greatly benefit farmers who wish to simplify operations and manage N and water synergistically. The second goal of this study was to examine four variable rate N management strategies that captured both macro (soil-based) and micro (crop canopy based) variability. Our hypothesis that grain yield and NUE could be optimized using management zone and remote sensing strategies was supported by the results. Uniform rate nitrogen produced the best grain yield (statistically on par with the management zone approach) with the worst NUE among all nitrogen application strategies. These results will allow producers to choose a nitrogen management strategy that fits their needs. The remote sensing strategy will provide the best NUE with a compromise in grain yield, whereas the management zone strategy will provide the best grain yield with reasonable NUE. The strategies discussed in this paper could be further studied to develop a “drive and apply” method that fuses remote sensing of the canopy, classification statistics (clustering), management zones, and machine control to variably apply nitrogen fertilizer to optimize grain yield and NUE.
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Figure 1. Field 3100 at ARDEC (Ag Research Development & Education Center), Fort Collins, CO, USA showing the management zones. 
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Figure 2. Time series plot of daily precipitation (mm), average temperature (0 °C), and actual evapotranspiration (ET) (mm) for the years 2016, 2017, 2018, and 2019 at the experiment site. 
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Figure 3. Interaction plots between zone and irrigation rates (IR) pooled across all nitrogen rates for year 2016 (A), 2018 (B), and 2019 (C). 
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Figure 4. Interaction plots between nitrogen rate and irrigation rates within each zone for year 2016 (A), 2018 (B), and 2019 (C). 
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Figure 5. Plots showing the effect of different nitrogen management strategies in (A) yield and (B) NUE. Different letters indicate significant difference between strategies (at α = 0.05). 
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Figure 6. Response of (A) maize grain yield (B) and nitrogen use efficiency (NUE) (kg grain/kg N) with respect to amount of applied nitrogen, in four nitrogen management strategies (uniform, MZ = management zones, RS = remote sensing, MZ-RS = management zones and remote sensing), across 2016 and 2018. 
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Table 1. Criteria and number of observations for each N management strategy across growing seasons 2016 and 2018.
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	Strategy
	Observations
	N Rate

(kg N ha−1)
	Management Zone
	NDVI Cluster
	Average N

(kg N ha−1)





	Uniform
	270
	224
	Any
	Any
	224



	
	90
	112
	Low
	Any
	



	MZ
	90
	168
	Medium
	Any
	168



	
	90
	224
	High
	Any
	



	
	54
	56
	Any
	Highest
	



	
	54
	112
	Any
	High
	



	RS
	54
	168
	Any
	Medium
	168



	
	54
	224
	Any
	Low
	



	
	54
	280
	Any
	Lowest
	



	
	30
	56
	Low
	High
	



	
	30
	112
	Low
	Medium
	



	
	30
	168
	Low
	Low
	



	
	30
	112
	Medium
	High
	



	MZRS
	30
	168
	Medium
	Medium
	168



	
	30
	224
	Medium
	Low
	



	
	30
	168
	High
	High
	



	
	30
	224
	High
	Medium
	



	
	30
	280
	High
	Low
	







MZ = management zones, RS = remote sensing, MZRS = management zone and remote sensing, NDVI = normalized difference vegetation index.
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Table 2. Summary statistics of yield (Mg ha−1) categorized by zone, irrigation rate and nitrogen rate, for years 2016, 2018, and 2019.
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	Year
	Zone
	N
	Mean
	Median
	Min
	Max
	SE





	
	Nitrogen Rate
	
	
	
	
	
	



	2016
	0
	1267
	7.03
	7.01
	1.99
	10.9
	0.04



	2016
	56
	1352
	8.75
	8.84
	2.08
	16.2
	0.06



	2016
	112
	1265
	10.02
	10.37
	1.97
	14.57
	0.05



	2016
	168
	1151
	11.36
	11.75
	1.98
	17.53
	0.06



	2016
	224
	1055
	11.62
	11.86
	2.1
	16.94
	0.05



	2018
	0
	542
	8.04
	8.14
	1.93
	11.54
	0.07



	2018
	56
	498
	8.8
	8.96
	2.2
	13.2
	0.07



	2018
	112
	493
	9.95
	9.5
	2.09
	14.79
	0.1



	2018
	168
	486
	10.77
	10.72
	2.61
	14.53
	0.08



	2018
	224
	479
	10.85
	10.63
	2.92
	15.05
	0.08



	2018
	280
	487
	10.87
	10.86
	2.05
	15.02
	0.08



	2019
	0
	229
	6.74
	6.56
	2.05
	13.57
	0.08



	2019
	56
	515
	7.99
	7.99
	1.88
	10.6
	0.05



	2019
	112
	258
	9.28
	9.47
	1.89
	12.47
	0.11



	2019
	168
	513
	9.58
	9.51
	2.27
	13.2
	0.06



	2019
	224
	407
	10.09
	10.2
	3.42
	13.76
	0.06



	
	Irrigation Rate
	
	
	
	
	
	



	2016
	80
	2139
	8.79
	8.92
	1.97
	14.56
	0.05



	2016
	100
	1725
	10.3
	10.78
	1.98
	16.73
	0.06



	2016
	120
	2226
	9.96
	10.32
	2.16
	17.53
	0.05



	2018
	60
	1008
	9.21
	9
	2.05
	15.02
	0.06



	2018
	80
	944
	9.98
	9.79
	1.93
	14.9
	0.07



	2018
	100
	1033
	10.34
	10.55
	2.09
	15.05
	0.07



	2019
	60
	643
	8.86
	8.9
	1.92
	13.2
	0.07



	2019
	80
	657
	8.88
	8.99
	3.14
	13.57
	0.06



	2019
	100
	622
	8.92
	9.01
	1.88
	13.76
	0.07



	
	Zone
	
	
	
	
	
	



	2016
	1
	2211
	9.27
	9.59
	1.98
	17.53
	0.05



	2016
	2
	2922
	10.19
	10.52
	2.07
	16.94
	0.04



	2016
	3
	957
	8.86
	9.03
	1.97
	14.56
	0.08



	2018
	1
	908
	10.67
	10.72
	2.05
	15.05
	0.08



	2018
	2
	1028
	9.28
	9.27
	2.09
	14.91
	0.07



	2018
	3
	1049
	9.68
	9.73
	1.93
	13.76
	0.04



	2019
	1
	620
	8.82
	8.78
	2.27
	12.86
	0.06



	2019
	2
	928
	8.96
	9.01
	3.1
	13.2
	0.06



	2019
	3
	374
	8.81
	9.08
	1.88
	13.76
	0.11







N = number of observations, SE = standard error. Zone (1 = Low, 2 = Medium, and 3 = High). Irrigation rate shown as % ET. Nitrogen rate shown as (kg N ha−1).
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Table 3. ANOVA for years 2016, 2018, and 2019 showing main effects and two-factor interactions.






Table 3. ANOVA for years 2016, 2018, and 2019 showing main effects and two-factor interactions.





	

	

	

	
2016

	

	

	

	
2018

	

	

	

	
2019

	




	
Factors

	
SS

	
df

	
F

	
p

	
SS

	
df

	
F

	
p

	
SS

	
df

	
F

	
p






	
NR

	
191.271

	
4

	
24.77

	
<0.001

	
28.61

	
5

	
4.57

	
0.0059

	
84.47

	
4

	
16.51

	
<0.001




	
IR

	
29.568

	
2

	
7.65

	
<0.001

	
651.33

	
2

	
260.07

	
<0.001

	
10.15

	
2

	
3.97

	
0.021




	
Zone

	
10.214

	
2

	
2.64

	
0.078

	
3.16

	
2

	
1.26

	
0.301

	
4.25

	
2

	
1.66

	
0.208




	
NR: IR

	
126.491

	
8

	
8.19

	
<0.001

	
51.29

	
10

	
4.09

	
<0.001

	
47.35

	
8

	
4.63

	
<0.001




	
NR: Zone

	
21.102

	
8

	
1.36

	
0.229

	
13.65

	
10

	
1.09

	
0.411

	
23.46

	
8

	
2.29

	
0.052




	
IR: Zone

	
173.035

	
4

	
22.41

	
<0.001

	
152.51

	
4

	
30.44

	
<0.001

	
33.53

	
4

	
6.55

	
<0.001








SS = sum of squares (Type III), df = degrees of freedom, F =F value, p = p-value. NR = nitrogen rate, IR = irrigation rate.
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