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Introduction 

Ammonia (NH3) nitrogen (N) losses from surface-applied manure can be large, reducing the 
amount of N available to the crop and, therefore, the economic value as a fertilizer N credit. 
Ammonia emission into the atmosphere can also contribute to environmental problems. Ammonia 
emission can contribute to eutrophication of surface waters (especially marine and estuarine) via 
atmospheric deposition. The decreased amount of available N in manure reduces the N:P ratio 
and leads to a more rapid build-up of P in the soil for a given amount available N. And ammonia 
in the atmosphere can combine with fine particulates to lower air quality. 

The most common approach to controlling ammonia volatilization from manure is to incorporate 
it into the soil with tillage or subsurface injection. Losses can be reduced by 50 to over 90% 
compared to surface application (Thompson and Meisinger, 2002; Powell et al., 2011). Timing of 
manure application can also affect N losses and availability to the crop. Injecting into a growing 
corn crop at sidedress time offers another window of time for manure application, allows use of 
the pre-sidedress nitrate test to adjust rates, and can be an effective way to meet corn N needs 
(Ball-Coelho et al., 2006). While ammonia has been shown to be the greatest volatile N loss from 
applied manure in most situations, nitrous oxide (N2O) is another form of gaseous N loss. While 
amounts lost are often too small to be of economic importance, even low emissions can contribute 
to the greenhouse effect because N2O is about 300 times as potent as carbon dioxide in its effect 
on global warming (USEPA, 2010). 

We carried out a 4-year field experiment to evaluate the effect of dairy manure application 
method and timing and time of incorporation on a) corn yield, b) fertilizer N credits, c) ammonia 
losses, and) nitrous oxide emissions. 

Methods 

This field research was conducted at the UW Agricultural Research Station in Marshfield, WI on 
fields where the previous crop was corn. To avoid residual manure N effects a new site was 
selected each year, but all sites were predominantly Withee silt loam (Aquic glossudalf), a 
somewhat poorly drained soil with 0 to 2% slope. The Withee silt loam is considered a medium 
yield potential soil because productivity is limited by heat units. Soil test P (average 47 ppm) and 
K (average 133 ppm) levels were interpreted as excessively high for P and high for K based on 

                                            
1 Associate Professor, Dept. of Soil Science, 1525 Observatory Dr., Univ. of Wisconsin-Madison, 
Madison, WI 53706 
2Research Soil Scientist, USDA-ARS, Dairy Forage Research Center-IEIDM, 8396 Yellowstone 
Dr., Marshfield, WI 54449. 
3Researcher, Dept. of Soil Science, 1525 Observatory Dr., Univ. of Wisconsin-Madison, 
Madison, WI 53706 

20 Proc. of the 2013 Wisconsin Crop Management Conference, Vol. 52



 
 
 

the Wisconsin nutrient guidelines (Laboski and Peters, 2012).  Soil pH and organic matter values 
averaged 6.7 and 3.0%, respectively. 

Dairy manure was applied either at pre-plant (mid- to late May) or sidedress time (5-6-leaf stage). 
Pre-plant treatments were either injected or incorporated with a tandem disk immediately after 
manure application (< 1 hour), 1-day later, or 3 days later. Injection was with an S-tine 
(KongsgildeVibro-flex) injector with 15-inch spacing at a 4- to 6-inch depth (Figure 1). All plots 
were chisel plowed 3 to 5 days after application. Sidedress manure applications were either 
injected with an S-tine injector (30-inch spacing) equipped with shields or surface applied (2010-
2012) (Fig. 1). Fertilizer N was applied at pre-plant at rates of 0, 40, 80, 120, 160, and 200 lb/acre 
as urea and incorporated with a disk. Each treatment was replicated four times in a randomized 
complete block design. Ammonia and N2O measurements were made in three of the replications 
in 2009 to 2011. Plot size was 15 by 50 feet. 

Liquid dairy manure was applied at a target rate of 6,500 gal/acre, a rate designed to supply less 
than optimum N so as to be more sensitive to application method differences. Manure averaged 
14% solids and 158 lb total N and 62 lb/acre NH4-N per 1000 gallons (for 2009 to 2011, the years 
ammonia N was measured) but varied across years and application times (Table 1).  The amount 
of total N and ammonium N applied in each year with each application timing is provided in 
Table 1. 

Ammonia emission was measured following pre-plant (injection, immediate and 3-day disk 
incorporation) and sidedress (injection and, in 2011 only, surface) manure applications in the first 
three years of the study (2009-2011). We used the dynamic chamber/equilibrium concentration 
technique (Svensson, 1994; Misselbrook and Hansen, 2001) with two 12 by 15-inch chambers 
and an ambient meter per plot. Measurement started immediately after manure application and 
continued for six separate periods through the third day. Ammonia measurement ended just 
before disking of the 3-day incorporation treatment, so the 3-day treatment represents surface-
applied manure. 

Nitrous oxide (N2O) was measured using the static, vented chamber technique following the 
GRACEnet protocol (Parkin and Venterea, 2010). Measurement began two days after pre-plant 
manure application and continued approximately weekly (more frequently after manure or rain, 
less frequently late in the season) into October. Each measurement consisted of removal of three 
gas samples from each chamber with a syringe over a 60-minute period for later analysis in the 
lab. 

Corn (P38N88; 92-day RM; HX, LL, RR2) was planted in May in 30-inch rows at 35,000 
seeds/acre with 100 lb/a of 9-11-30-6S-1Zn starter fertilizer in a 2 x 2 configuration.  
Conventional herbicides were used to control weeds.  Corn biomass (silage) yield was determined 
by hand harvesting six plants at physiological maturity.  Corn grain yield was determined by 
harvesting all ears from the middle two rows from each plot using a plot combine in late October 
or early November.  Corn grain yields are reported 15.5% moisture.  
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All yield data were analyzed using PROC MIXED for the appropriate experimental design (SAS 
Institute, 2002).  Significant mean treatment differences were evaluated using Fisher’s protected 
LSD test at the 0.10 probability level.  Plateau N rate (PNR) and the economic optimum N rate 
(EONR) were determined for both silage and grain yield using regression analysis (PROC REG 
or PROC NLIN).  

Results and Discussion 

Ammonia losses and nitrous oxide emissions 

The 3-year average ammonia emission rate from surface applied (3-day incorporation) manure 
was relatively high immediately following application but declined rapidly after the first several 
hours to quite low levels (Figure 2A). This pattern is similar to those observed in other studies in 
Wisconsin (Powel et al., 2011), Pennsylvania (Dell et al., 2012), Maryland (Thompson and 
Meisinger, 2004), and Vermont (Jokela and Meisinger, 2008). [Measurement of ammonia 
emission from surface-applied manure at sidedress time (2011 only; not shown) showed losses 
similar to those from pre-plant surface-applied manure.] Ammonia emission was greatly reduced 
by prompt incorporation by disking or injection. Cumulative NH3 loss over the full measurement 
period was over 40 lb/acre from surface application but was reduced by 75% by immediate 
disking and over 90% by injection (Figure 2B). Ammonia losses varied somewhat by year, but 
patterns over time and reductions by incorporation were similar. The pattern of ammonia loss, 
75% of the total loss in the first 6 to 8 hours, emphasizes the importance of prompt incorporation 
to reduce losses and conserve N for crop use. 

Nitrous oxide (N2O) flux was quite low for most manure treatments during most of the May to 
October period in both years (Figure 3). However, some increase in N2O flux occurred after the 
2010 pre-plant application, and there were pronounced peaks of N2O emission from the injection 
treatment at either pre-plant (2010) or sidedress (2011) time. A smaller increase following the 
pre-plant application in 2011, greater from injection, can also be observed from the expanded 
scale shown in Figure 3C. The greater emission from injection compared to other treatments can 
be explained by examining the process that causes N2O flux. Nitrous oxide is produced by 
denitrification, a microbial process that is facilitated by anaerobic (lacking in oxygen) conditions. 
Also, typical of most microbial activity, it is enhanced by a readily available carbon energy 
source and by warm temperatures. Injection of liquid manure places manure in a relatively 
concentrated band below the surface, creating anaerobic conditions (because of water from 
manure and the lack of exposure to the atmosphere) and providing available carbon from manure. 
Reasons for the difference between 2010 and 2011 are not readily obvious, but it is probably a 
result of different soil moisture and temperature conditions. A 5-inch rainfall event shortly after 
the 2011 sidedressed manure application increased soil moisture content (data not shown) and 
likely created optimum conditions for denitrification at that time. 

Based on these results, injection of liquid dairy manure resulted in opposite effects on NH3 and 
N2O emission, suggesting a trade-off between the two gaseous N loss pathways. However, the 
total annual N losses from N2O emissions (1 lb/acre or less; Figure 4) were only a fraction of 
those by ammonia volatilization, so under the conditions of this study N2O emission is not an 
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economically important loss. As noted earlier, however, N2O is a potent greenhouse gas, so even 
small amounts can contribute to the potential for global climate change. The dramatic reduction 
in NH3 loss from injection, though, may at least partially balance out the increased N2O because 
1% of volatilized N is assumed to be converted to N2O (IPCC, 2010). 

Immediate disk incorporation was almost as effective as injection for controlling NH3 loss, and 
on average resulted in less N2O emission than injection. A drawback is that it requires another 
field operation, and to be effective it must be done promptly after manure application. A possible 
alternative is to use sweep injectors or other direct incorporation methods that deposit manure 
over a larger volume of soil and/or create more mixing with soil, thus creating conditions less 
conducive to denitrification and N2O loss. 

Corn yield and manure N credits 

In each year, agronomic optimum N rate (AONR, the N rate where yield was maximized) and the 
economic optimum N rate (EONR, 0.10 N:corn price ratio for grain and 0.005 N:corn price ratio 
for silage) were determined for both grain and silage (Tables 2 and 3). The AONR for grain 
ranged from 94 to 182lb N/a while the EONR ranged from 94 to 149 lb N/a. For silage, AONR 
ranged from 92 to 195 lb N/a and EONR ranged from 92 to 124 lb N/a. In 2010, 2011, and 2012 
for both grain and silage, the EONR and AONR were identical because a linear plateau model 
was the best fit for the N response data.  

Manure application timing and method/time to incorporation significantly affected grain yield in 
2009, 2010, and 2012 (Table 4) and silage yield in 2012 (Table 5). Preplant injection produced 
greater yields than one or more of the broadcast treatments in 2009 (grain) and 2012 (grain and 
silage). Sidedress injected manure produced yields that were not significantly different than 
preplant injected manure except for grain yield in 2010, perhaps because of differences in manure 
N applied. Manure that was broadcast prior to planting and incorporated after 3 days had yields 
that were not significantly different from manure incorporated within 1 hour or 1 day. One might 
expect that yield would be lower as time to incorporation increased because ammonia loss was 
greater where manure was not incorporated for 3 days (Figure 2). An explanation may be that the 
difference in NH3 loss was not great enough to be reflected in yield differences. At sidedress, 
injecting manure resulted in greater yield compared to surface banding without incorporation 
though the results were only significant in 2012.  

The N fertilizer equivalence value (NFEV) of manure at each timing and method/time to 
incorporation was calculated by inputting the yield achieved in each treatment to the N response 
function fitted to the urea yield data. The NFEV in lb/a are provided in Table 6 and appear to be 
quite variable with year. However, it is important to remember that the total N application rate 
applied varied for each time manure was applied. Thus, the NFEV was normalized by dividing it 
by the total amount of manure N applied, resulting in a percent of total N applied that was 
available to the crop (Table 7). Annually the manure N availability varied within a treatment. The 
four year average N availability for each treatment is also given in Table 7. Injecting manure 
resulted in 51 and 53 % of total N applied being available for the preplant and sidedress 
treatments respectively. Preplant broadcasting with incorporation within 1 hour or 1 day of 
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application resulted in 36 and 37 %, respectively, of total N being available. Thirty-four percent 
of manure N was available when broadcast prior to planting and incorporated after 3 days; while 
32% was available when surface banded (no incorporation) at sidedressing. When expressed as a 
percent of total N applied, in general N availability decreased as time to incorporation increased 
which reflects the amount of ammonia lost in these treatments (Figure 2).  

Conclusions 

Ammonia volatilization losses increase as the time to incorporation of manure increases. Injection 
of manure results in the lowest amount of ammonia volatilization but the higher N2O emissions. 
In this study, reducing the large ammonia losses by injection provided more environmental 
benefit compared to the small increase in N2O emissions. In addition to environmental benefits, 
injection or immediate incorporation of manure resulted on average in a greater percentage of 
total manure N applied being available to corn. This means that a smaller amount of commercial 
fertilizer N would need to be supplied to maximize yield resulting in greater profitability and a 
smaller carbon footprint. 
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Table 1.  Manure dry matter (solids), total N, and ammonium-N concentration and the total 
application rate applied preplant and sidedress at 6500 gal/acre at Marshfield, 2009 to 2012. 

 Concentration Total application rate 
Year 

Time of 
application Dry matter Total N NH4-N Total N NH4-N 

  ---------------------- % ---------------------
- 

----------- lb/a ----------- 

       
2009 Preplant 17 1.9 0.74 185 74 

 Sidedress 12 4.6 1.99 293 127 
       

2010 Preplant 24 1.3 0.47 171 61 
 Sidedress 13 1.5 0.54 107 38 
       

2011 Preplant 13 1.5 0.58 107 40 
 Sidedress 16 1.0 0.38 86 32 
       

2012 Preplant 8 2.9 1.23 121 51 
 Sidedress 5 3.3 1.37 96 40 
       

 
 
 
Table 2.  Effect of N rate (preplant urea incorporated) on corn grain yield at Marshfield, 2009 to 
2012. 

 Grain yield 
N rate 2009 2010 2011 2012 
lb/a ------------------------------------- bu/a ------------------------------------- 

     
0 120 89 88 143 

40 139 85 108 164 
80 144 121 136 186 

120 145 151 150 186 
160 155 157 152 197 
200 151 154 157 183 

     
AONR: †     
     N rate, lb/a 182 149 133 94 
     Yield, bu/a 151 156 155 189 
     
EONR: ‡     
     N rate, lb/a 126 149 133 94 
     Yield, bu/a 149 156 155 189 
     

† AONR, agronomic optimum N rate. N rate where yield is maximized as determined by 
regression analysis including starter N (9 lb/a). 
‡ EONR, economic optimum N rate at a N:corn price ratio of 0.10,determined by regression 
analysis including starter N (9 lb/a). 
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Table 3.  Effect of N rate (preplant urea incorporated) on corn silage yield and the economic 
optimum N rate (EONR) at Marshfield, 2009 to 2012. 

 Silage yield 
N rate 2009 2010 2011 2012 
lb/a ------------------------------------- ton/a ------------------------------------- 

     
0 5.5 4.2 4.3 10.3 

40 6.4 3.9 5.0 11.3 
80 6.5 5.4 6.3 12.9 

120 6.6 6.6 6.9 12.6 
160 7.2 6.8 6.9 13.5 
200 6.9 6.7 7.1 12.6 

     
Plateau: †     
     N rate, lb/a 195 149 118 92 
     Yield, bu/a 7.0 6.8 7.0 12.9 
     
EONR: ‡     
     N rate, lb/a 124 149 118 92 
     Yield, bu/a 6.8 6.8 7.0 12.9 
     

† AONR, agronomic optimum N rate. N rate where yield is maximized as determined by 
regression analysis including starter N (9 lb/a). 
‡ EONR, economic optimum N rate at a N:corn price ratio of 0.0005,determined by regression 
analysis including starter N (9 lb/a). 
 
 
Table 4.  Effect of manure timing and method of application (6,500 gal/acre) on corn grain yield 
at Marshfield, 2009 to 2012. 

  Grain yield 
Timing Method and days to incorporation 2009 2010 2011 2012 

  ---------------------- bu/a ---------------------- 
      

Preplant Injected 144 ab 123 a 107 179 a 
 Surface broadcast (< 1 hour) 134 bc 124 a 110 158 bc 
 Surface broadcast (1 day) 133 c 122 a 112 159 bc 
 Surface broadcast (3 days) 137 bc 105 ab 103 166 ab 
      

Sidedress Injected 147 a 98 b 114 175 a 
 Surface band (no incorporation) - 89 b 108 150 c 
      
 p 0.09 0.07 0.75 0.02 
 LSD(0.10) 10 23 NS 14 
      

NS, not significant at the 0.10 probability level. 
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Table 5.  Effect of manure timing and method of application (6,500 gal/acre) on corn silage yield 
at Marshfield, 2009 to 2012. 

  Silage yield 
Timing Method and days to incorporation 2009 2010 2011 2012 

  ---------------------- ton/a ---------------------- 
      

Preplant Injected 6.5 5.2 5.0 12.5 a 
 Surface broadcast (< 1 hour) 6.0 5.5 5.3 11.1 bc 
 Surface broadcast (1 day) 5.9 5.3 5.2 11.1 bc 
 Surface broadcast (3 days) 6.3 4.8 4.7 11.4 b 
      

Sidedress Injected 6.7 4.2 5.2 11.8 ab 
 Surface band (no incorporation) - 4.0 5.0 10.4 c 
      
 p 0.12 0.19 0.27 0.02 
 LSD(0.10) NS NS NS 0.9 
      

NS, not significant at the 0.10 probability level. 
 
 
 
Table 6.  Nitrogen fertilizer equivalence value (NFEV) of manure based on corn grain yield for 
several timing and application methods at Marshfield, 2009 to 2012. 

  NFEV†  
Timing Method and days to incorporation 2009 2010 2011 2012 Mean‡ 

  ----------------------- lb N/a ----------------------- 
       

Preplant Injected 88 90 44 76 75 
 Surface broadcast (< 1 hour) 40 86 49 37 53 
 Surface broadcast (1 day) 36 88 53 39 54 
 Surface broadcast (3 days) 56 57 36 52 50 
       

Total N content of manure applied preplant: 185 171 107 121 146 
       
       

Sidedress Injected 115 45 57 69 (57) 
 Surface band (no incorporation) - 28 46 22 (32) 
       

Total N content of manure applied sidedress: 293 107 86 96 (96) 
       

† Yield values from the manure treatments were entered into the regression model equation for 
the relationship between N rate (urea plus starter N rate) and grain yield.  The N fertilizer rate 
(including starter) that would have produced the same yield as the manure treatment was 
determined and reported as NFEV. 
‡ Numbers in parentheses are the three-year mean values from 2010 to 2012. 
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Table 7.  First-year manure N availability to corn based on corn grain yield for several timing and 
application methods (6500 gal/acre) at Marshfield, 2009 to 2012. 

  Manure N availability†  
Timing Method and days to incorporation 2009 2010 2011 2012 Mean‡ 

  -------- % of total N applied in manure ------
- 

       
Preplant Injected 48 53 38 63 51 

 Surface broadcast (< 1 hour) 22 50 42 31 36 
 Surface broadcast (1 day) 19 51 46 32 37 
 Surface broadcast (3 days) 30 33 31 43 34 
       

Sidedress Injected 39 42 60 72 53 (58) 
 Surface band (no 

incorporation) 
- 26 48 23 (32) 

       
† Manure N availability = (NFEV / total N rate applied in manure and starter) x 100. 
‡ Numbers in parentheses are the three-year mean values from 2010 to 2012. 
 
 

Figure 1. Injection equipment used for pre-plant application (top) and sidedress application 
(bottom) of liquid dairy manure.
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Figure 2. Average (2009-2011) ammonia emission rates (top) and cumulative NH3-N losses 
(bottom) as affected by method and timing of manure application. 
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Figure 3. Nitrous oxide (N2O) flux as affected by method and timing of dairy manure application 
from May to October of 2010 (A) and 2011 (B), and for May-June of 2011 (expanded scale). 
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Figure 4. Annual (May-Oct.) loss of N2O as affected by method and timing of liquid dairy 
manure application. 2010 and 2011. 
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