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Scientists recently confirmed last year’s lived experience: 2023 was the hottest year on record, and by a
lot. The European climate monitor announced that global average temperature last year was 2.66
degrees Fahrenheit warmer as measured against global average temperatures for the pre-industrial base
period of 1850-1900 (Copernicus, January 9, 2024; Zhong and Collins, January 9, 2024; Poynting and
Rivault, January 9, 2024). In general, warmer air holds more moisture and tends to produce larger
precipitation events, or extreme rains; as the planet continues to warm, the more common these events
will become (see e.g., NOAA, NCEI, November 18, 2020). Among the many impacts on farming from
extreme precipitation are those on nutrient losses from soils and fields. Previously in this series, we
covered the basics of nutrient loss and precipitation (farmdoc daily, December 7, 2023) and the impact of
extreme precipitation on phosphorus runoff (farmdoc daily, January 4, 2023). Today’s article focuses on
the role of precipitation in driving losses of nitrogen.

Background

This discussion focuses on nitrogen lost from the soils of farm fields. As one researcher has written, the
“nitrogen cycle is both fascinating and frustrating in its complexity” (Myrold, 2021). What follows is a
summary of the scientific understanding about the nitrogen cycle and losses; it is not intended to be a
comprehensive or complete scientific explanation of the complex biochemical processes at work. It is, at
best, a crash course on the complex topic intended as background, built on the basics drawn from an
incredible wealth of research (see also, farmdoc daily, March 10, 2016). The goal is to help support an
understanding of the challenging issue that is nutrient losses from farming.

Nitrogen is crucial for life, growth, and development and lack of it is one of the most important limiting
factors on plant growth and productivity. Researchers have found that nitrogen cycles through nine
forms—no other essential nutrient has as many—and that farming can lose nitrogen in multiple of those
forms, much of it in a short time frame (i.e., less than one year). Most of the nitrogen in soil is in the
organic form and not available to plants, becoming available to plants relatively slowly. Plant roots take up
mostly inorganic nitrate and ammonium forms, both of which exist in the soil naturally and are also added
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by fertilizer inputs. Humans have drastically increased the total amount of reactive nitrogen that cycles
through its various forms and moves through the natural environment since discovering the process for
synthesizing ammonia, known as Haber-Bosch, in 1909. Researchers have estimated, however, that a
substantial portion of this nitrogen is not consumed by plants, animals, or humans. What isn’t consumed
leaches into waterways or is released to the atmosphere; the former is a challenge to water quality, the
latter adds to the challenge of climate change (Cao, Lu and Yu, 2018; Robertson and Groffman, 2007;
Smil, 2002; Russel and Williams, 1977).

Microorganisms are critical players in the nitrogen cycle. They consume biomass and nitrogen. If the
biomass provides plentiful nitrogen, the microorganisms release what they don’t need in an inorganic
form (mineralization), but if the biomass does not provide sufficient nitrogen the microorganisms must
consume nitrogen from the soil (immobilization). Mineralization increases the nitrogen available to plants;
immobilization decreases it. Microorganisms can also produce ammonium from inorganic nitrogen, and
when they produce more ammonium in the soil than plants need or can consume, then nitrification can
take place. This further conversion takes ammonium to nitrite and then to nitrate forms. It is the nitrate
form that is especially mobile and susceptible to being leached. In general, ammonium can be held in the
soil, but nitrate is easily dissolved in and transported by water, especially when precipitation exceeds
evapotranspiration. Another important note about the ammonium and nitrate forms for farming is that
researchers have found plants and microorganisms prefer (or prioritize) applied nitrogen in place of
naturally occurring nitrogen. Timing is also an issue. Early in the season, crop growth and nitrogen
uptake is low but mineralization is high (especially from applied nitrogen), leaving nitrogen at greater risk
of being lost due to precipitation before the growing crop can use it. Finally, the nitrate form can also go
through denitrification and be lost to the atmosphere. If it is lost as nitrous oxide, it is a concern because
that is a greenhouse gas and may also contribute to the destruction of ozone (see e.g., Myrold, 2021;
Fernandez, Fabrizzi and Naeve, 2017; Robertson et al., 2013; Dessureault-Rompré et al., 2011,
Robertson and Vitousek, 2009; Robertson and Groffman, 2007; Smil, 2002; Cassman et al., 2002;
Williams, Hutchinson and Fehsenfeld, 1992).

The complex system of artificial (human-made) drainage is also a critical component of nitrogen losses
because it quickly moves water from precipitation and snowmelt out of farm fields. Subsurface tile
drainage is prominent in the Midwest for farming soils that are naturally poorly drained. As the system
quickly moves water out of fields it inevitably carries with it large quantities of nitrates and other nutrients
that are transported to lakes, reservoirs, and natural waterways. Nitrogen fertilizers, even in the ammonia
form, are subject to rapid nitrification to nitrate and easily transported from soils and fields by the drainage
system. The risk of loss is magnified if the fertilizer is applied in the fall after harvest or too early in the
spring because the nitrogen is available to washed out by the weather, carried by water from rain and
snowmelt. The science on this is clear and has been consistent for many years (see e.g., Gentry et al.,
2023; Li et al. 2022; Pittlekow et al., 2017; Christianson and Harmel, 2015; David, Drinkwater, and
Mclsaac, 2010; Gentry et al., 2009; Kladivko et al., 1991).

Discussion

The massive increase in synthetic nitrogen fertilizer feeds a “nitrogen cascade” through the environment
(Robertson and Groffman, 2007). Within this cascade are vast quantities of excess nitrate that is
susceptible to leaching through soils during precipitation events and exported from fields by artificial
drainage, degrading water quality from local streams to the Mississippi River and the Gulf of Mexico.
Recent research on a decade of surface water quality readings in Wisconsin measured ammonia as an
indicator of nitrogen loss because direct measurement of nitrogen itself is uncommon. The research
found elevated ammonia levels in surface water from larger rain events as compared to a day with less
than half an inch of rain, such that: on a day with one half to one inch of rain, ammonia increased by 39%;
on a day with one to two inches of rain, it increased by 56%; and on a day with more than two inches of
rain, ammonia increased 59% (Skidmore et al., 2023).

A comparison with phosphorus, discussed previously, may be of value. In general terms, phosphorus
attaches to soil particles and moves relatively slowly through ecosystems, usually lost as surface runoff
(see e.g., Schneider et al., 2019; farmdoc daily, January 4, 2024). By comparison, nitrogen (especially
nitrate) dissolves in water and moves through ecosystems much more rapidly (and usually through
drainage). The difference is apparent in water quality readings. By three days after the precipitation event,
for example, elevated ammonia levels are no longer evident in water quality readings. Figure 1 illustrates
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the change in ammonia concentration each day for two weeks after a day with more than one inch of
precipitation. Spring and summer rainfall also do not drive higher ammonia levels at the end of the
season (October — December). This follows what we expect with a soluble nutrient. It's extremely
responsive, both entering and exiting systems quickly.

Figure 1. Percent Change in Ammonia Concentration for Two Weeks
After a Day With More Than One Inch in Precipitation.
Coefficients Should Be Interpreted as Percents by Multiplying by 100
(e.g., 0.6 Corresponds to a 60% Increase)
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The seasonality of nitrogen losses again shows that nitrogen runoff is the worst when precipitation
(including snowmelt) occurs on bare ground. Figure 2 illustrates the increase in ammonia in water on
days with more than an inch of precipitation by month in which the precipitation takes place. Ammonia
spikes are high following rainfall in April and May, which points to the risk of losing recently applied in
spring applications before the crop emerges. Ammonia is also very responsive to precipitation in
December, when soils are likely frozen (or freezing and thawing). Notably, application on frozen ground
or snow-covered ground is restricted in many counties in Wisconsin (e.g., NR 151 Silurian bedrock
standard link; Dane County animal waste standard). As discussed in the background, significant losses
from November through March are likely due to post-harvest, fall application of nitrogen fertilizer.
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Figure 2. Percent Increase in Ammonia on a Day With More Than an Inch
of Precipitation Based on Month in Which Precipitation Occurs.
Coefficients Should Be Interpreted as Percents by Multiplying by 100
(e.g., 1.0 Corresponds to a 100% Increase)
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Notably for the Corn Belt, only 10% of cropland in Wisconsin is drained by subsurface tile as of 2020
(Wisconsin Discover Farms, 2020). This is significantly less than in other key Midwestern states such as
lllinois, lowa, or Indiana (Wisconsin Discovery Farms, 2017). It also differs in nature, as Wisconsin’s
agricultural land includes more hilly terrain than its neighbors to the south (Wisconsin Discovery Farms,
2009). Therefore, these elevated levels of ammonia in surface waters in Wisconsin largely reflect
overland runoff rather than from subsurface drainage.

On the upside, the responsive nature of nitrogen also means that efforts to reduce it are more likely to
have an impact in the short run. For example, nitrogen levels fall with more EQIP payments (Liu et al.,
2022), support and requirements for nutrient management planning (Skidmore et al., 2023), and cover
cropping (Hsieh and Gramig, 2023). Better nutrient management practices, such as avoiding fall
applications and split applications in the spring, can also have a substantial, positive impact on nitrogen
losses (see e.g., Gentry et al., 2023).

Conclusion

Nutrient loss from farm fields presents one of the more perplexing natural resource challenges, and losing
nitrogen lays bare and makes clear the complexities of the matter. The critical stage of the nitrogen cycle
that makes the nutrient available to plants for growth and production, also makes nitrogen incredibly
vulnerable to being leached and lost. Dissolved in water, nitrogen in the nitrate form (and dissolved
organic nitrogen) can be carried to waterways and away from plant roots by drainage systems where it
degrades water quality and contributes to hypoxic or dead zones. When it rains, it pours; farmers can do
nothing about the rain and little to control the nitrogen cycle, but they can manage fertilizer applications to
avoid excess nitrogen in the fields at critical times. With climate change and increasing global
temperatures, some of the consequences at the local level will be the increasing frequency of extreme
precipitation events. Heavy rains on farm fields will magnify the challenges for farmers, crops, and public
waters unless farmers adopt practices found to reduce those losses. Public policies can and do support
farmers in optimizing nitrogen and land use to meet crop needs and benefit the public, but the scale and
scope of the challenge calls for more—more support and more creative, innovative policy options. Recent
research reviewed in this series adds valuable knowledge and contributes important perspective.
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