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ABSTRACT 
 

Nitrogen (N) application timing is a critical decision for Illinois corn (Zea mays L.) 
producers, balancing operational efficiency, economic return, and environmental 
stewardship. We compared agronomic and economic responses to N rates applied as 
anhydrous ammonia (AA) in the fall and in the spring at 19 central Illinois sites from 
2013 to 2020. Yield response to N was modeled to determine agronomic optimum N 
rate (AONR), economic optimum N rate (EONR), and maximum return to N (MRTN). 
Averaged across sites, EONR values for fall- versus spring-applied AA were 178 and 
160 lb N ac-1, respectively; yield at the EONR averaged 229 bu ac-1 for fall and 231 bu 
ac-1 spring N; MRTN was $424 ac-1 for fall N and $437 ac-1 for spring N. Of the $13 ac-1 
MRTN advantage to spring N, $7 came from needing less N, and $6 from slightly higher 
(2 bu ac-1) yield at the EONR. When compared using a paired t-test, EONR differences 
between timings were statistically significant (p = 0.007), but differences in YEONR and 
MRTN were not (p > 0.1). Differences in N response were not consistently linked to soil 
or weather parameters, highlighting the complexity of N dynamics across environments. 
Current N rate guidelines in central Illinois (187 lb N ac-1 at the N and corn grain prices 
used in the study) would be sufficient to meet the needs of the crop whether applied in 
the fall or spring, these results indicate that N losses (or unavailability) tend to be higher 
following fall application than following spring application, with lower yield possible from 
fall application in fields where fertilizer N requirements are high. 

 
INTRODUCTION 

 
Anhydrous ammonia (NH3, AA) is a widely used nitrogen (N) fertilizer for corn 

production in Illinois. In 2024, approximately 258,000 tons of AA were sold as fertilizer in 
Illinois, making it the single most prevalent N source used in Illinois (Illinois Department 
of Agriculture, 2024). While applications of AA in the spring have increased in 
popularity, fall applications remain common on medium-textured soils in the central 
Corn Belt.  A retailer survey reported that 54% of fields in Illinois received some amount 
of AA applied in the fall (IFCA, 2024). 

Few studies in the North Central Region have compared fall versus spring 
application with N applied over a range of rates. Touchton et al. (1979) included fall and 
spring applied AA at one central and one northern Illinois site in an investigation of the 
effectiveness of nitrapyrin, and found yield differences between fall and spring timing 
only at the lowest N rate (60 lb N ac-1), with no yield differences at 120, 180, and 240 lb 
N ac-1.  Welch et al. (1971), using ammonium nitrate as the N source, found no 
differences from fall vs. spring in yield or N fertilizer efficiency above 120 lb N ac-1 at 
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three Illinois locations across four years. Research in Indiana, with AA as the N source, 
found grain yield differences between N timing only at N rates of 130 and 180 lb N ac-1, 
but no differences at lower N rates, although such an analysis was conducted for spring 
preplant versus sidedress timing and did not include a fall timing treatment (Kovacs et 
al., 2015). 

While some previous work comparing timing of AA applications has been done, 
results have been mixed, and the work has not typically included a full set of N rates to 
allow comparisons of optimum N rates, associated yields, and economic returns to N. 
Thus, the rationale for this study was clear: perform and analyze on-farm N rate trials 
focusing on application timing differences to determine optimum N rates that could help 
shape management-specific N guidelines for fall or spring use of AA, as well as to 
evaluate whether spring-applied AA is economically advantageous. 

 
MATERIALS AND METHODS 

 
Field trials were conducted from 2013 to 2020 in farmers’ fields across central 

Illinois, mostly on Mollisols with silt loam or silty clay loam textures, and included 
locations in Vermillion, Sangamon, Piatt, DeWitt, Logan, Douglas, Pike, and Edgar 
counties from 2013 to 2020. The previous crop grown was soybean [Glycine max (L.) 
Merr.] on all sites except Site 3, where corn was the previous crop. Fall AA applications 
were made in November, and spring applications were made before planting at fifteen 
sites, and as early sidedress at four sites. Additional fertilizer nitrogen was applied as 
base rates over the entire trial at fifteen sites, with rates ranging from 14 to 72 lb N ac-1, 
as dry ammoniated phosphate (P source), urea-ammonium nitrate (UAN) solution 
applied with the planter or as herbicide carrier, or both. Trials were structured as a 
randomized complete block design with three or four replications. Main plots were 
assigned N rates of 0, 50, 100, 150, 200, or 250 lb N ac-1, with application timing (fall or 
spring) as subplots split within N rate; there was a single 0-N strip in each block. Base N 
rates were added to the treatment rates. Subplots were 8 to 12 30-inch rows (20 to 30 
ft) wide and ranged in length from 300 to 1200 ft. Yield data were collected by 
harvesting the center four to twelve rows of each subplot, with weight and moisture 
recorded using calibrated yield monitors on combines, or, in a few cases, using weigh 
wagons. Grain yields were adjusted to 15.0% moisture. Yield monitor data were cleaned 
based on criteria such as combine distance traveled, harvest width, and grain moisture 
content as described by Luck and Fulton (2015). Weather data for each site was 
obtained from the PRISM gridded dataset (PRISM Group, 2025). Historical AA and corn 
grain price information was retrieved from USDA-AMS 

Economic optimum N rates were determined by setting the first derivative of the 
response model to an N price ($ lb N-1) to corn price ($ bu-1) ratio and solving for N rate 
(Equation 1 and 2). Prices of $0.40 lb N-1 and $4.00 bushel-1 were used for this purpose, 
resulting in a price ratio (PR) of 0.10 bu lb N-1. 

Equation 1: 𝑄𝑃	𝐸𝑂𝑁𝑅	(𝑙𝑏	𝑁	𝑎𝑐!") = 	 #$!%
&'

 

Equation 2: 𝐿𝑃	𝐸𝑂𝑁𝑅	(𝑙𝑏	𝑁	𝑎𝑐!") = 0𝑋( , 𝑏 ≥ 𝑃𝑅
0, 𝑏 < 𝑃𝑅 

Where c [(bu ac-1) (lb N2)-1] is the quadratic coefficient in Equation 1, b (bu lb N-1) 
is the linear coefficient in Equation 1 and 2, and XN is the joint point (linear-plateau 



model) of the best fit response models. Once the EONR was calculated, YEONR was 
obtained by solving each best fit yield response function for yield. The RTN value is 
defined as the economic partial return received due to the increase in yield when 
applying nitrogen fertilizer at a certain rate (YN) as compared to a zero-nitrogen 
application (Y0) minus the cost of the nitrogen fertilizer applied (Equation 3). 

Equation 3: 𝑅𝑇𝑁	($	𝑎𝑐!") = [(𝑌( − 𝑌)) × $	𝑏𝑢	𝑐𝑜𝑟𝑛!"] − (𝑁 × $	𝑙𝑏	𝑁!") 
For sites that received a base rate of N, RTN was calculated using the average of the 
estimated Y0 values for each timing. 

 
RESULTS AND DISCUSSION 

 
Figure 1 shows the modeled yield responses to N rate and application timing at 

each site. The best-fitting model was chosen for each N timing combination on the basis 
of the R2 values adjusted for degrees of freedom, pairwise F-tests of the model’s 
residual sums of squares, and observation of the distribution of residuals. Those best fit 
models are listed in Table 1. All yield responses were best described by fitting a 
quadratic-plateau model, except for three instances where the linear-plateau model best 
fit. All N rate responses were statistically significant for both N application timings at all 
sites (p ≤ 0.05) with R2 values ranging from 0.54 to 0.96. Paired t-tests indicate that 
model coefficients were significantly different (p < 0.05) between timings. The capacity 
of quadratic-plateau models to explain yield responses to N rate was notably high. 

 
Nitrogen Rate and Timing Effects on Yield 

Yield response to N rate was observed for both N application timings (spring and 
fall) at all sites, though yield increase with incrementally higher N rates was not always 
consistent, even for different N application timings at the same site. As expected, the 
lowest N rate treatment to produce the statistically highest corn yield varied by site, 
ranging from 50 to 230 lb N ac-1. Corn yield increases from the lowest N treatments to 
the statistically maxima treatments ranged from 41 to 190 bu ac-1 with an average of 84 
bu ac-1 increase for both N timings. Yield response to N rate differed by site to a greater 
degree than by N application timing. Variance (coefficient of variation) of corn yield 
across N rates for individual site x N timing combinations ranged from 2.2 to 10.4%.  

Effects of N application timing were inconsistent across sites and N rates. 
Averaged across all N rates, yield differences between fall and spring N application 
timing ranged from a 21 bu ac-1 (8%) yield benefit to fall N (Site 17 at 115 lb N ac-1) to a 
45 bu ac-1 (21%) yield benefit to spring N (Site 13 at 136 lb N ac-1). Significant effects (p 
≤ 0.1) of N timing on yield were observed for at least one N application rate at ten of 
nineteen sites. However, N timing never affected yield at more than two N rates for any 
site, and when an N timing effect was significant at two N rates, no clear pattern of 
benefit to fall or spring application was observed in the context of yield. The general 
linear relationship between fall and spring yields at N rates above the lowest is strong 
and suggests yield differences between N timings were mostly within 10% of being 
equivalent. Evaluating yield at all N rates and sites in aggregate suggests that small to 
no yield differences would be expected between fall and spring applied AA. A significant 
(p ≤ 0.1) N rate by N timing interaction was observed at two sites (16 and 17) of the 
nineteen.  Site 16 exhibited a stronger yield response to spring-applied N as N rate 



increased, while spring N at site 17 optimized yield at a much lower N rate, albeit at a 
lower YEONR as compared to fall. No clear justification could be discerned for why fall 
or spring N timing affected yield response to N rate in these two sites.  
 
Table 1. Equations describing relationships between fall or spring-applied N rate and 
yield for each site, optimum N rates and associated yields. 
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Figure 1. Relationship between N fertilizer rate and corn grain yield for both fall and 
spring anhydrous ammonia application timing at each site. 
 
 
Economic Optimum Nitrogen Rates and Return to Nitrogen 

The range of EONR values with fall application was 103 to 222 lb N ac-1, with a 
mean of 178 lb N ac-1. The range of spring EONR values was 56 to 248 lb N ac-1, with a 
mean of 160 lb N ac-1. YEONR values ranged from 151 to 331 bu ac-1, with a mean of 
229 bu ac-1 and 231 bu ac-1 for fall and spring respectively. Maximum return to N 



(MRTN) values at the EONR ranged from $166 ac-1 to $892 ac-1 across the sites and 
timings. Across all sites, mean MRTN values were $424 ac-1 and $437 ac-1 for fall and 
spring, respectively – a $13 ac-1 benefit to spring application.  Of the $13 ac-1 MRTN 
advantage to spring N, $7 came from needing less N, and $6 from slightly higher (2 bu 
ac-1) yield at the EONR. When treating all sites as random, paired t-tests indicated the 
EONR for fall-applied AA was 18 lb N ac-1 greater (p = 0.007) compared to spring with 
no significant difference in YEONR. Using the same analysis on the MRTN values 
showed that those values were not significantly different (p = 0.133), and adjusting the 
PR from 50% to 150% of the PR used did not result in any significant differences. 

Critics of determining N rates using maximum economic returns have suggested 
concerns of grain yield reductions. For all site and N timing combinations, estimated 
yield was on average 2 bu ac-1 less at the EONR compared to estimated yield at the 
AONR, where the maximum yield from best fit response function was determined. 
Furthermore, this negligible yield difference coincided with an average 18 lb N ac-1 
lower N rate when economic returns were maximized (EONR) compared to yield 
maximized (AONR). We found no evidence to suggest that yield would be compromised 
when focusing on economic return to N to guide N rates for both N times. 

 
Price Scenarios and Relationship with Economic Optimum Nitrogen Rate 

Over the period of this study, the price ratio ($ lb N-1:$ bu-1) ranged between 0.07 
and 0.13, with an average of 0.09 (USDA-AMS). This is equivalent to a range of 70% to 
125% of the expected 0.10 ratio, with the average at 94% of the default ratio; a slightly 
lower ratio produces slightly higher EONR values. The seasonality of pricing also affects 
producer decisions regarding N timing. But over the period of this study, the average 
price ratio during the fall application months of October through December was within 
0.01 of the average price ratio between the months of March through May (USDA-
AMS). Such a small difference would do little to affect the decision on when to apply AA, 
at least compared to fall weather and application conditions.  

 
Site Weather Characterization of Response to Application Timing 

Weather is often a causal factor pointed to for observed N timing effects. The 
four sites with EONR values higher for fall- than for spring-applied N, were not 
consistently above or below the normal temperature or precipitation amounts. 
Additionally, they spanned four different counties, and each occurred in a different year. 
In fact, similar statements can be made about the sites with greater EONR values for 
spring N compared to fall. There were no consistent weather factors analyzed that 
displayed a relationship with fertilizer application timing performance.  

 
CONCLUSION 

 
Despite some general trends, this study’s site-specific variability was 

considerable, and no strong relationships were observed between application timing 
performance and environmental parameters such as precipitation or soil characteristics. 
Some sites showing a greater advantage to spring applications may have had greater 
precipitation-induced losses after fall application, while other sites showed no such 
advantage. The majority of sites showed little or no difference in response to N rate 



between fall- and spring-applied N; most of the benefit to spring-applied N came from 
two sites. Across sites, yields at the economic optimum did not significantly differ, 
whereas the EONR was reduced by 18 lb N ac-1 by moving from fall to spring 
application. These results indicate producers can maintain optimal yields while lowering 
total N inputs by managing to economic return, thereby reducing input costs and the 
pool of nitrogen susceptible to loss. 
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