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ABSTRACT

In-season nitrogen (N) management in corn guided by active canopy sensors is often associated with higher yields, profit and nitrogen use efficiency (NUE). However, these benefits could vary from field-to-field and year-to-year. These inconsistent relationships between technology and benefits represent a major challenge for increasing adoption of sensor-based N application in corn. Thus, a better understanding of which site-specific factors determine positive benefits from sensor-based N application is needed. Five years of on-farm research using field length strips were used to compare the cooperating grower’s traditional N management with the sensor-based N management. Differences in yield, NUE, and profit between grower and sensor-based N application were associated with site-specific characteristics. Across sites and years combined, the sensor-based method used 33 lb N ac-1 less than the grower’s method. This reduction in N applied resulted in non-significant yield losses and an increase of ~30% in NUE. Despite the spatial variability of the fields, base N rate applied pre-plant or at planting and the economic optimal N rate (EONR) were found as the most important management factors directing the success of sensor-base N applications. Variability in field specific factors such as organic matter (OM), sand content, and water holding capacity explained the success of active crop canopy sensors to direct in-season N applications. Total N savings from sensor-based N application decreased with OM from 1 to 3% and increased within OM higher than 3%. Understanding the importance and impact of site-specific variability on the effectiveness of active crop canopy sensors is vital to promote adoption of this technology.

INTRODUCTION

Site-specific N management is the strategy to apply at the economically optimal N rate (EONR) within a field, which can vary based upon soil type, water holding capacity, landscape position, and weather conditions (Mamo et al., 2003; Tremblay et al, 2012). Active crop canopy sensors that adjust N rates according to changes in crop reflectance have been adapted for real-time N applications to account for the spatial variability within fields.
Since 1988, the nitrate concentration in groundwater in Nebraska's Central Platte River valley has been steadily declining, largely due to the conversion from furrow to center-pivot irrigation. However, over the last 25 years, fertilizer nitrogen use efficiency (NUE) has remained static. This trend points to the need for adoption of available technologies such as crop canopy sensors for further improvement in NUE. Strategies that direct crop N status at early growth stages are promising to improve N fertilizer efficiency. Several crop active canopy sensors have been field tested and reviewed with promising results to improve NUE (Barker and Sawyer, 2010; Calaco and Bramley, 2018). In addition, research has been done to improve sensor-based N recommendations by adjusting the estimated target N rate used to initiate the sensor system (Franzen et al., 2016) and evaluate implementation strategies such as application timing (Samborski et al., 2009).
In this study we used six years of on-farm research testing on active canopy sensors combined with open-source soil data to summarize the economic and environmental benefits from active crop canopy sensors to direct in-season N application and relate its benefits to the magnitude of within field spatial variability.

MATERIALS AND METHODS

Field experiments

The Nebraska On-Farm Research Network launched a project in 2015 focused on improving the NUE.  Project SENSE (Sensors for Efficient Nitrogen Use and Stewardship of the Environment) compares crop canopy sensors to fixed-rate, in-season nitrogen application in corn. From 2015 to 2020, 58 site-studies were conducted, with five partnering Natural Resources Districts (NRDs):  Central Platte, Little Blue, Lower Loup, Lower Platte North, and Upper Big Blue. 
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Figure 1. On-Farm research trials distributed across Nebraska. 

A high-clearance applicator was equipped with an Ag Leader® Integra in-cab monitor and four OptRx® sensors. Each sensor is capturing the normalized difference red edge (NDRE) index, and the Ag Leader® in-cab monitor will compute the recommended N rate.  An application rate module communicates the target rate from the Ag Leader® monitor to the rate controller. The applicator was equipped with straight stream drop nozzles to apply UAN fertilizer to the crop as it was sensed (Figure 2). This configuration of active sensors with a high-clearance machine has several benefits. Nitrogen rates were prescribed in real-time by the system and account for spatial variability across the field, application could occur up until the V12 growth stage, and sensing does not rely on sunlight, as the active sensors provide their own light source.

Figure 2. Layout of Project SENSE field trials with grower, SENSE, and reference strips (Top). NDRE values recorded during sensing/application through grower, SENSE, and reference strips (Bottom).

Project SENSE plots were arranged in a randomized complete block design with six replications (Figure 2, top).  The grower’s normal N management was compared with the Project SENSE N Management.  For the Project SENSE strips, a base rate (75 lb N/ac for most sites) was applied at planting or very early in the growing season. Between V8 and V12, corn was sensed with the crop canopy sensors and variable-rate N was applied on the-go (NDRE values shown in Figure 2, bottom).  The collected data consisted of grower N rates, Project SENSE in-season N rates, and yield, which were averaged by treatment strip.  

Data Analysis

Each field was harvested by the grower collaborator and data were collected from the yield monitor. The raw data files were imported into farm management software (SMS Advanced v20.0 Ag Leader Technologies, Ames, IA) and were post-corrected for load weights if provided. The files were then exported into an Ag Leader advanced format file type and imported into a yield post-processing software (Yield Editor v 2.0.7, USDA-ARS, Columbia, MO) tool. 
For each site, the average difference in N applied and the average difference in yield were calculated.  NUE was also calculated as partial factor productivity of N (PFPN) (grain/N fertilizer). The coefficient of variation (CV, %) was calculated for grower and SENSE yields to assess the spatial variability. 
To compare yield responses to N treatments (Grower vs SENSE), field N application data, NDRE, soil properties (e.g., organic matter, OM; sand content; soil water capacity), digital elevation maps (DEM), topographic wetness index (TWI) and yield points were aggregated. The optimal economic N rate (EONR) and the base N rate (Base_N) was also considered in the analysis. Regression analysis was used to associate differences in yield, total N, NUE, and profit with soil and management characteristics. All data analysis was done using R (R Core Team, 2021).  

RESULTS AND DISCUSSION

Yield, total N, NUE and Profit differences

The sensor-based approach used 33 lb-N/ac less than the cooperating growers’ approaches; the result was an average of 1.1 bu/ac less corn produced using the sensor-based method. In terms of productivity and NUE, the sensor-based approach produced an additional 15.5 lb-grain/lb-N compared to the cooperator approaches (Table 1). The sensor-based approach resulted in an average increase in profit compared to the grower approaches.   At higher N and corn prices ($0.65/lb-N and $3.65/bu) noted during the study, the sensor-based approach was $16.70/ac more profitable. At lower N and corn prices ($0.41/lb-N and $3.15/bu), the sensors were $9.40/ac more profitable compared to the grower approaches. Input costs and crop revenues are important considerations regarding decisions about technology adoption; however, the sensors were a viable option for improving economic returns based on this study.
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Profitability and NUE

Figure 3 shows the overall distribution of the 58 irrigated field sites in terms of profitability and partial factor productivity of N (PFPN).  Since 2015, 64% of field sites benefitted in terms of both profit (+$28/ac) and productivity (+22 lb-grain/lb-N) from using the sensor-based approach.  Another 22% of field sites showed increased productivity (+13 lb-grain/lb-N); however, profit was negatively impacted (- $14/ac). About 10% of sites exhibited less profitability (-$25/ac) coupled with less productivity (-12 lb-grain/lb-N). In irrigated production, these data indicate there is high potential for improving productivity and profitability if growers could utilize a sensor-based, in-season approach to N management.
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Description automatically generated]Figure 3. Profitability and nitrogen use efficiency of sensor-based N management compared to the grower’s traditional management.  

Canopy sensors benefits and associated soil and management factors

Spatial variability was associated with positive differences in yield and N savings from canopy sensors. The relationship between growers and SENSE yield variation showed that below 10% of CV, grower and sense yield variability was similar. Fields with grower’s yield variability higher than 10% CV had an average reduction in yield spatial variability of 25% using crop canopy sensors. 
Regression analysis across all sites and years showed that ~40% of the total N differences between SENSE and grower treatment could be explained by the EONR, Base_N, and DEM. The higher the EONR and Base_N application, the lower the N savings when using crop canopy sensors compared to grower’s management. Elevation, thus landscape position, was also found to be positive related with N savings using crop canopy sensors. Thus, lower N rates from canopy sensors compared with grower’s N rate on more sandier soils and low OM content. In contrast, N rate savings tended to be lower with higher OM in the soil when compared with grower’s N rate. 
In three out of the five years, the site-specific characteristics were able to explain 20 to 57% of the variability in N savings when using canopy sensors. The range of the explanatory variables was different within and across years. Thus, depending on the observed level of OM, the magnitude and direction of the effect was different. When OM was lower than 3%, the higher the OM the lower the benefits of crop canopy sensors. In contrast, when field observations were above 3% of OM, the higher the OM the higher the N savings from sensors. In 2015, for example, the N savings were lower with higher OM content. 
In 2015 and 2017 the Base_N was a significant factor in the regression analysis, and EONR in 2016 and 2017. Consistently, the higher the EONR, the lower the differences between SENSE and Grower N rates (less N savings). In 2015, the N savings tended to increase when Base_N was higher than 90 lb N ac 1. 
Our study showed that the EONR imputed into the algorithm to direct the in-season sensor-based N recommendation was a critical factor determining the benefits from crop canopy sensors when compared to grower’s N management. In addition, OM and Elevation were two of the main factors explaining N savings from canopy sensors. Further analysis will be conducted to better understand these finding and to translate results into a practical tool to recommend the use of crop canopy sensors into more targeted field base on their spatial variability. 
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Table 1. Summary of 58 sites from 2015 to 2020 comparing sensor-based N management to the
grower’s traditional method.

Six-Year Average SENSE Grower
Total N rate (Ib-N/ac) 159.3 B* 190.8 A
Yield (bu/ac) 2169 B 218.0A
Partial Factor Productivity of N (lb grain/Ib-N) 814 A 65.9B
Nitrogen Use Efficiency (Ib-N/bu grain) 0.758B 0.92A
Partial Profitability ($/ac) [@3.65/bu and $0.65/Ib-N] $693.17 A $676.44 B
Partial Profitability ($/ac) [@3.15/bu and $0.41/Ib-N] $622.20 A $612.82 B

*Values with the same letter are not significantly different at a 95% confidence interval (SENSE vs. Grower).
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