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Presenter
Presentation Notes
This module focuses on how different chemical forms of nitrogen can be managed in an environmentally sensitive way.  The goals of this presentation are to describe the soil N transformations that lead to leaching and other losses, and to discuss the appropriate management measures to limit these losses.    




How readily do N forms leach? 
• NH4

+-N movement is restricted 
• Urea and NO3

--N move freely with 
water  

(Broadbent et al., Proc. SSSA 22:303-307, 1958) 

Why do we care about N forms? 
• Different agronomic values and costs 
• Impact on the environmental 

efficiency of use, and determine the 
appropriate management practices 

Making Efficient Fertilizer Choices 

Presenter
Presentation Notes
A significant factor in fertilizer efficiency is their relative mobility through the soil, and their potential for loss by leaching. 
 
Figure: In this study, the movement of three forms of N through three different California soils was tested.  Ammonium resisted movement, its positive charge holding it on cation exchange sites.  Uncharged urea and negatively-charged nitrate moved easily with water.  However, this is a simplistic analysis, because nitrogen transformations in the soil can be rapid, and there are other pathways to environmental N loss in addition to leaching. 




Nitrogen Fertilizers 
 
1. Ammonium-forming fertilizers: 
• Anhydrous ammonia 
• Urea 
 

2. Ammonium fertilizers : 
• Ammonium sulfate 
• Ammonium/phosphorus combinations (MAP, DAP, 10-34-0) 
 

3. Nitrate fertilizers : 
• Potassium nitrate 
• Calcium nitrate (CN-9) 
 

4. Combination fertilizers: 
• Ammonium nitrate 
• Urea-ammonium nitrate (UAN) solutions 
• Calcium ammonium nitrate (CAN-17) 
 

5. Organic materials: 
• Manure and other animal byproducts 
• Compost 

Presenter
Presentation Notes
More about each type of fertilizer covered in this module: 
. Those that form Ammonium (NH4+) on reaction with soil moisture
. Ammonium-containing materials
. Nitrate-containing materials
. Materials that have a combination of N forms
. Organic materials that release mineral N over time, through soil microbial activity




Nitrogen Fertilizer Forms 



Anhydrous ammonia application to soil or water: 
NH3 + H2O          NH4

+  + OH- 

 
Ammonium-forming Fertilizers 
 
• Anhydrous ammonia 

raises pH 

Presenter
Presentation Notes
Anhydrous ammonia is the cheapest N source, but using it efficiently is not easy. When it contacts irrigation water or moist soil, it forms ammonium and hydroxyl ions, raising the pH around the site of application.




Ammonium-forming Fertilizers 
 
• Urea 

 
• Highly soluble, uncharged, moves freely with water 
 
• Enzymatic hydrolysis produces NH4

+ and alkalinity  

CO(NH2)2  +  2 H2O + H+                      2 NH4
+      +     HCO3

-  
     urea                               acid                         ammonium            bicarbonate 

urease 

raises pH 

Presenter
Presentation Notes
Urea is an organic molecule with two N groups attached to a carbon atom.  It requires the action of the soil enzyme urease to break it down, forming NH4+ and bicarbonate.  Bicarbonate increases soil pH.  




(Broadbent et al., Proc. SSSA 22:303-307, 1958) 

Rate of hydrolysis … 
• Increases as temperature increases 
• Decreases as concentration increases 

Ammonium-forming Fertilizers: 
 
Urea hydrolysis occurs rapidly: 

Presenter
Presentation Notes
Figure: The rate at which urea is broken down by urease depends on both the concentration of urea applied, and the soil temperature. However, except for in very cold soils uncommon to California, urea incorporated into soil is normally converted to ammonium-N within a few days of application.   




Ammonium Fertilizers  
 
• Ammonium sulfate [(NH4)2SO4] 
 
• Ammonium/phosphorus combinations 
         - Monoammonium phosphate (MAP) 
         - Diammonium phosphate (DAP) 
         - Ammonium polyphosphate (10-34-0) 
 
• Ammonium fertilizers have: 
     - No immediate effects on soil or water 
pH     - Are temporarily resistant to leaching 

Presenter
Presentation Notes
Note: Though these forms are temporarily resistant to leaching, this timeframe is likely as short as a matter of days during the summer.




Combination Fertilizers  
 

• Ammonium nitrate (NH4NO3) 
 
• Calcium ammonium nitrate (CAN-17) 
        - 32% of N as NH4

+, 68% as NO3
-
 

 
• Urea ammonium nitrate (UAN) solutions 
        - 50% of N as urea, 25% NH4, 25% NO3  
        - different concentrations (UAN-28, UAN-32, etc.)  

Presenter
Presentation Notes
Combination fertilizers are heavily used by horticultural crops in California. They act mainly as nitrate fertilizers within days of application. 



Organic Materials 
 
• Manure and other animal byproducts 
• Compost and green waste 
 
 
• Contain both mineral N (immediately available) and 

organic N (slowly available after microbial conversion) 

Presenter
Presentation Notes
Organic materials differ from mineral fertilizers mostly by the rate at which the N content mineralizes, becoming plant-available. A wide range of organic materials are applied to fields in California, and the differing characteristics (most notably N content, and C:N ratio) impact N availability.




Nitrogen Transformations: Volatilization, 
Denitrification, and Nitrification  



Volatilization 
• The loss of gaseous NH3 to the atmosphere 

When is volatilization most significant?  
• Soil injection of anhydrous ammonia, poorly sealed 
• Anhydrous ammonia injection into irrigation water 
• Loss from urea after hydrolysis, before nitrification 

Presenter
Presentation Notes
Note: In the liquid phase of the soil (the soil solution), or in irrigation water, there is an equilibrium between NH4+ (which is not volatile) and NH3 (which is); the NH3 can diffuse out of the solution and be released to the atmosphere. Anhydrous ammonia and urea are most prone to volatilization.
 




Significant volatilization occurs only at high pH: 

… but both anhydrous ammonia and urea raise soil pH 
near the site of application 

Volatilization: Effect of pH 

Presenter
Presentation Notes
Figure: The NH4+:NH3 equilibrium is strongly affected by pH, with NH4+  dominating at normal soil pHs.  However, as pH increases above 8, the relative proportion of NH3 increases.  
 
Where would you find soils with pH high enough to cause this shift?  Application of both anhydrous ammonia and urea raise soil pH; the area around the site of anhydrous injection, or near a urea granule, can increase in pH significantly, favoring the formation of NH3.  When anhydrous ammonia is run in irrigation water, the pH rise is rapid and significant.




Anhydrous ammonia application impacts solution pH 

Tulare Co. 2008 – C. Frate and J. Deng (Anhydrous ammonia injection into irrigation water 
Tulare Co. 2008 – C. Frate and J. Deng) 

Volatilization: Corn/Ammonia Example 

Presenter
Presentation Notes
Table: In this example from Tulare County, ammonia was run into furrow irrigated silage corn. In all cases the rise in water pH was substantial, well into the range where large volatilization losses would be expected.



How large can ammonia volatilization losses be? 

(Pettygrove et al., 2005) 

Volatilization: Ammonia Example 

Presenter
Presentation Notes
To quantify ammonia volatilization from water-run anhydrous ammonia, UC Davis agronomist Dr. Stu Pettygrove and farm advisors conducted trials in furrow-irrigated fields.  Anhydrous ammonia was injected and then sampled down the length of the furrow. The results of this study are shown on the next slide.
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Fertigating anhydrous ammonia is highly inefficient : 

Volatilization: Ammonia Example cont’d.  

Presenter
Presentation Notes
Figure: Ammonium-N concentration decreased significantly down the furrow at all 14 fertigation events. This graph shows results from 3 irrigation events in a sandy loam field.  Ammonium concentrations declined by more than 50% down the length of the furrow; when evaluated on a whole-field basis, ammonia volatilization averaged about 30% of applied N.  Beyond this significant N loss, the uniformity of N application was very poor. 




Factors that increase volatilization : 
• Surface application without incorporation or irrigation 
• High temperature 
• High wind speed 
• Low soil buffering capacity 

Volatilization: Urea  

Presenter
Presentation Notes
When urea is surface-applied and not incorporated, volatilization losses can be high, particularly in the presence of the listed factors.  For example, landing on moist soil or drawing dew can cause urea prills to hydrolize. This raises their surrounding pH, increasing volatilization in the manner described. 



How large can urea volatilization losses be? 

(Topdressed dryland wheat in Oregon, no rain until day 13.  Data from D. Horneck, OSU) 

Volatilization: Urea Example  

Presenter
Presentation Notes
Urea volatilization can be agronomically significant.  
 
Figure: After the first few days (the period of urea hydrolysis), volatilization was rapid, with nearly 1/3 of the applied N lost as NH3. The flattening of the graph at day 13 coincided with the arrival of rain. At this point, the urea was incorporated into the soil, balancing the pH and slowing volatilization. 



  

(Nitrobacter) 

(Nitrosomonas) NH4
+ + 2 O2                          NO3

- + H2O + 2 H+ 

Lowers soil pH 

Nitrification 
 
• Conversion to NO3

- 

Presenter
Presentation Notes
The other important nitrogen transformation is nitrification, the conversion to NO3-. Mediated by soil bacteria, this process acidifies the soil. Therefore, use of ammonium-forming or ammonium-containing fertilizers requires periodic liming to maintain soil pH.




(OSU Eastern OR Liming Guide 2013) 

Nitrification: Soil Acidification from N Fertilizers 

Presenter
Presentation Notes
Table: Relative acidity from nitrification depends on the N source applied. Here, acidity is proportional to the amount of lime required for neutralization (right-most column). Ammonium-containing fertilizers cause the most soil acidification per pound N. The strongly acidic soil reaction of ATS is due to the acid-forming nature of the thiosulfate ion. Anhydrous ammonia and urea are less acidifying, because they initially create alkalinity, partially balancing the acidification from nitrification.  



• Nitrification rate governed mostly by temperature 

(Western Fertilizer Handbook) 

Practical experience suggests that nitrification is often more rapid. 

Nitrification: How Quickly Does it Occur? 

Presenter
Presentation Notes
NO3- is more mobile than NH4+ in soil, so understanding nitrification rates is important. While soils have different nitrification capacities, those differences are minor compared to temperature effects.  
 
Figure: It takes 2 weeks to fully convert NH4+-N to NO3--N at 75° F, while at 50° F only about 40% would be converted in 4 weeks.  However, recent research has shown that nitrification can occur much more rapidly.  
 
Source: Western Fertilizer Handbook, http://www.healthyplants.org/publications.html




 
• Feather meal incubated in typical agricultural soils at 

different temperatures 
• Mineralized N was initially in NH4

+ form, but nitrification 
was relatively rapid 

 

(Hartz and Johnstone, HortTechnology 16:39-42, 2006)   

Nitrification: How Quickly Does it Occur? 

Presenter
Presentation Notes
Figure: This example documents that nitrification can be much more rapid than the graph on the previous slide suggests.  The study investigated the rate at which organic forms of N were converted to plant-available N forms (NH4+ and NO3-).  Organic N is initially converted to NH4+ and then to NO3-. The vast majority of NH4+ had been nitrified within 1 week at 68° F.  Even at 50° F, colder than most California soils, half of the NH4+ had been nitrified in 2 weeks.  




Ammonium sulfate vs. calcium nitrate fertigation in tomato 
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Conclusion: 
• In all but the coldest soil, conversion of NH4-N to NO3-N occurs 

relatively rapidly 

Nitrification: How Quickly Does it Occur?  

Presenter
Presentation Notes
Figure: Rapid nitrification in warm soils is highlighted by a 2009 UCD project. Tomatoes were fertigated weekly with either ammonium sulfate or calcium nitrate. Through the season, petiole NO3- was nearly identical in both treatments, suggesting that plants were all taking up similar amounts of NO3--N.  Soil ammonium remained low, confirming that ammonium-N does not persist long in warm, moist soil. 




Denitrification 
 
• Conversion of NO2

- or NO3
- to gaseous N forms (N2, N2O) 

 
             

Denitrification requires anaerobic conditions (saturated soils) 

Presenter
Presentation Notes
Note: In most field situations, saturated conditions are transient, persisting only a few days after irrigation or heavy rain. Denitrification releases nitrous oxide (N2O), a potent greenhouse gas that is subject to regulation by AB 32. More information on AB 32, the law on greenhouse gas emissions in California, is found here: http://www.arb.ca.gov/cc/ab32/ab32.htm




 

Denitrification: Magnitude of Losses 
 
How large are losses under normal field conditions? 
• They range from minimal to agronomically significant, 

depending on field conditions 

What are the drivers? 
• Degree / duration of soil saturation 
• Soil nitrate concentration 

Presenter
Presentation Notes
There is no simple formula to estimate N losses from denitrification.  Irrigation method (sprinkler vs. furrow vs. drip) influences the degree of soil saturation. Soil texture, chemistry and compaction affect the duration of saturation conditions.  High soil nitrate concentration in the saturated zone stimulates denitrification.



On the high end: 
Sprinkler-irrigated vegetables with high N fertilizer rates 
• up to 2-4 lb N/acre per irrigation cycle or rainfall event 
     (Ryden and Lund, SSSAJ 44:505-511, 1980) 
 
On the low end: 
Furrow-irrigated tomatoes 
• < 1 lb N/acre per irrigation event 
                   (Burger et al., Biol. Fert. Soils 42:109-118, 2005) 

Denitrification: Magnitude of Losses 

Presenter
Presentation Notes
On the high end: This 1970s study indicated that denitrification accounted for a significant fraction of applied N. In some fields, these losses added up to more than 100 lbs N/acre annually. However, that cropping system was ideal for denitrification, with high N application rates and frequent, saturating irrigation events. 
 
Note: The upper limit of this study is unlikely under most field conditions because 1) the switch to drip irrigation means less field saturation and 2) most fields receive much less N than the 600 lbs/acre applied annually in some of these monitored fields. 
 
In the past five years, intensive effort has been made to quantify nitrous oxide emissions in irrigated fields.  Based on that work, and the assumption that N2O represents 10% of total N emissions from denitrification, denitrification appears to account for < 30 lb N/acre per season for most irrigated crops in California.  Exceptions to this rule would be sprinkler-irrigated vegetables and furrow-irrigated forage crops that receive heavy applications of animal manure.  
   



Denitrification: Controlling Losses 
 

• Good irrigation management (limit anaerobic conditions, 
switch to low-volume irrigation systems) 

• Avoid high soil NO3-N concentration (limit feedstock) 

Presenter
Presentation Notes
Note: Nitrous oxide (N2O) will eventually become a regulated compound due to its air pollution potential, so learning to control denitrification loss is crucial.




Manipulating N Transformations for 
Improved N Efficiency 



 
• NBPT (N-(n-butyl) thiophosphoric triamide) 
       - Longer lasting effect in alkaline soils, and in cooler soils 
       - Most useful when urea is topdressed  

(Topdressed dryland wheat in Oregon, no rain until day 13.  Data from D. Horneck, OSU) 

Urease Inhibition 
 

• Slowing the conversion of urea to NH4
+ 

Presenter
Presentation Notes
NBPT is used when urea is topdressed, without incorporation; the NBPT delays hydrolysis until rain or irrigation can move the urea into the soil.  
 
Figure: In the Oregon wheat experiment previously discussed, volatilization losses were significantly reduced by the application of NBPT (green). This effect can last from weeks to months, depending on soil pH and temperature. NBPT is useful only when the urea application method used allows significant potential for volatilization.




Inhibitors: 
• Nitrapyrin (‘N-Serve’ or ‘Instinct’) 
        - Proven track record of efficacy 
        - California registration currently being sought 
• Dicyandiamide (DCD) 
        - Currently available as a constituent of ‘SuperU’ (NBPT 
  + DCD) 
        - DCD is soluble, so it can be leached away from NH4

+ 
  fertilizer, limiting effectiveness 
• DMPP (Novatec) 
        - Currently available only as treated fertilizer  
  (Solub 21-0-0, Solub 16-10-17) 
 
 
  
 
 

Nitrification Inhibition 
 

Suppress the bacteria that drive nitrification 

Presenter
Presentation Notes
Nitrapyrin: Slows the transformation of NH4+ to NO3-, thereby limiting NO3- leaching losses in the early season, before crop N uptake can occur.  It can last several weeks to several months, depending on soil temperature and moisture. These products are classed as pesticides, and none are currently registered for use in California, although research toward registration is underway.  
 
Dicyandiamide: In laboratory incubation experiments DCD can inhibit nitrification for a month or more.  However, field efficacy is highly variable because DCD is soluble.  This means it is more easily moved with water than the NH4+ molecules it is meant to ‘protect’.  Rain or irrigation can leach it away from the NH4, negating its effectiveness. 




Controlled Release Fertilizers  

Fertilizer Type 
Nutrient 
Release 

Mechanism 
Properties 

Polymerized/
reacted urea 

   

Microbial 
Action 

• ureaform, IBDU, and triazone 
• solid or liquid forms + combinations 

common 
• common products include Coron, N-

fusion, Nitamin and N-sure 

Sulfur-coated 
urea 

Physical / 
microbial 

action 
Polymer-
coated 

fertilizer 
   

Diffusion • can contain any soluble fertilizer form 
• common products include Agriform, 

Duration, ESN, and Polygon 

Presenter
Presentation Notes
These products can be classified into three categories:
Polymerized/reacted urea: chemically processed urea to polymerize it or create ringed compounds (triazone) - slow break-down through microbial action. 
Sulfur-coated urea: standard urea granules coated with elemental S - rate of N release depends on degree of imperfections (cracks) in the sulfur coating, and on microbial degradation of the sulfur.
Polymer-coated fertilizer: standard dry fertilizer granules surrounded by polymer coating.  Nutrients diffuse through the coating; the rate of nutrient release is controlled by the thickness of the coating - most controlled release products in use in California are polymer-coated.  
 
Note: Because polymerized/reacted urea and sulfur-coated urea both rely on microbial action for release, their release is quite temperature-sensitive. Polymer-coated fertilizer, on the other hand, relies on diffusion, so release is primarily determined by the shell’s chemical composition and thickness. 




Release rating is based on time to release 80% of N at a standard 
temperature: 

Controlled Release Fertilizers 

Presenter
Presentation Notes
Figure: Here, the release times of three polymer-coated urea fertilizers are compared. The fertilizers have coatings of different thicknesses, shown in the table as the slightly lower N content of the 120-day material compared to those with more rapid release; the thicker the coating, the slower the release rate.  These release ratings are only relative, however, as soil temperature also plays a role.

Note: Controlled release fertilizer is susceptible to damage to its coating, causing immediate nutrient release. Care is particularly important when dealing with materials with shorter release times because they have thinner coatings.




Benefits: 
• May reduce leaching potential compared to preplant or single 

sidedress systems 
        - weather, soil, and crop factors determine whether this benefit is 
     realized 
Drawbacks: 
• Higher cost per unit of N 
• Match between N release and crop N uptake is often imperfect 
        - more appropriate in some cropping scenarios than in others 
  

Controlled Release Fertilizers: 

Presenter
Presentation Notes
These products are most effective where fertilization is done by heavy preplant or early season applications, with potential for significant leaching from rain or poorly managed irrigation. Their use was limited by their higher cost per unit N. Recently that price disparity has decreased, and products with thinner coating and faster release time have come on the market.
 
Figure: Here a problem with controlled release products is illustrated.  N release is reasonably linear, but crop N uptake is curvilinear.  Efficient use depends on choosing a product with the appropriate release characteristic, applied at the right time.
 




Crediting N from Other Sources 



How efficiently is this N taken up ? 
What about irrigation efficiency ? 

Crediting Nitrate in Irrigation Water  

Presenter
Presentation Notes
Considering the nitrate content of applied irrigation water as a ‘fertilizer credit’ is controversial.  Growers are troubled by a) whether crops can make use of the reasonably low nitrate concentrations typically in water, and b) how irrigation efficiency can be taken into account. 




Crediting Nitrate in Irrigation Water: Tomato Example  
 

• Count only the NO3
--N contained in water transpired by 

the crop 
 
Processing tomato transpires about 25 inches of water 
If irrigation water NO3

--N is 6 PPM, the ‘fertilizer credit’ would 
be: 
    6 PPM NO3

--N  x  0.23 = 1.4 lb NO3
--N per acre-inch 

       1.4 lb NO3
--N per acre-inch  x  25 inches = 35 lb NO3

--N per acre 

Presenter
Presentation Notes
Note: 0.23 is a conversion factor that transforms water nitrate-N from concentration (PPM) to amount contained in an acre-inch of water.  
 




Crediting N in Organic Sources  
 

Organic fertilizers and amendments: 
• Animal waste products (dry or liquid) 
• Compost 

• Initial mineral N content  is typically low, predominately in 
NH4

+-N form 
• Organic N initially mineralizes to the NH4

+-N form and is 
then nitrified 

 

Presenter
Presentation Notes
The wide range of feedstocks and processing methods make it difficult to estimate N contribution from these materials. Generally: 
Animal waste products (manure, guano, feather meal, fishery wastes, etc.) contain a lot of NH4+ and simple organic compounds that break down quickly.  
Composts have low amounts of mineral N and easily mineralizable organic N compounds, so nitrogen availability is slower.  




Crediting N in Organic Sources 
 

Nitrogen ‘credit’ from organic amendments depend on: 
• ‘Fresh’ or composted 
• Percent N 
• C:N ratio 

% N mineralized in full field season, Oregon: 

(Gale et al., JEQ 35:2321-2332, 2006)   

Presenter
Presentation Notes
Fresh or Composted: fresh materials provide more N than similar material that has been ‘aged’, or actively composted.  
%N: a higher %N means more rapid mineralization potential (left graph)
C:N ratio: a lower C:N ratio means more rapid N mineralization (right graph)  





Crediting N in Organic sources 
 

• Cover crops 
• Crop residues 

Residue N content and C:N 
ratio predict N mineralization 
behavior and potential to 
provide N 

Presenter
Presentation Notes
N content can range from less than 100 lb N/acre (low N material such as wheat straw) to more than 200 lb N/acre (high N material such as legume cover crop or broccoli residue).



wheat tomato broccoli 
Typical residue N 
content (kg/ha) 
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Residue N content predicts N mineralization 
behavior: 

Crediting N in Organic Sources: 
Cover Crops and Crop Residue Examples  

Presenter
Presentation Notes
Table: Residue %N indicates the percentage of each crop residue’s dry weight that is made up of N. Three examples show a range of N compositions, which profoundly influence the nitrogen contribution to the following crop. 



• Greatest activity occurs in the initial 6-8 weeks after 
incorporation 

• Soil temperature / moisture effects can be significant 

Crediting N in Organic Sources: 
Cover Crops and Crop Residue Examples cont’d.  

Presenter
Presentation Notes
Figure: Ranges similar to the examples from the previous slide are shown in this graph, which assumes a moist soil conducive to mineralization.  
Lowest residue N concentration (red):  N is initially immobilized from the soil, before beginning a slow N release. 
Intermediate concentration (yellow): similar to processing-tomato vines, N is immediately released, but at a relatively slow pace. 
High residue N concentration (green): typical of most coastal vegetable residues, rapid mineralization during the first 4-6 weeks. 

For all residues, regardless of N concentration, mineralization slows drastically after a few months. If more than 3-4 months elapse between residue incorporation and the planting of the next crop, the N contribution of the residue from the prior crop will be most accurately estimated by a soil NO3- test rather than an estimation based on the residue characteristics.




Summary: 
• Regardless of N fertilizer form applied, rapid conversion 

to NO3
--N is likely, and plant uptake is predominately 

NO3
--N in most crop systems 

• Some combinations of N fertilizer form and application 
technique are more prone to environmental N loss 

• N transformations can be manipulated to minimize 
environmental loss, but success is variable 

• N from sources other than mineral fertilizers can 
significantly affect crop nutrition, and must be 
accounted for on a field-specific basis 



Contributing partners: 

University of California 

University of California 
Agriculture and Natural Resources 
web: ucanr.edu 
Twitter: @ucanr 

California Institute for Water Resources 
University of California 
Agriculture and Natural Resources 
web: ciwr.ucanr.edu 
Twitter: @ucanrwater 

 

California Department of Food & Agriculture (CDFA) 
Fertilizer Research and Education Program 
web: www.cdfa.ca.gov 
Twitter: @CDFAnews 

 

California Association of Pest Control Advisers 
(CAPCA) 
web: capca.com 

Nitrogen Management Training 
for Certified Crop Advisers 

Course materials available at: 
ciwr.ucanr.edu/NitrogenManagement 


