Nitrogen In Soils And Other Biological Systems

Evolution of Biological Nitrate Use.


After heat, the requirement for water is the most limiting factor for biological growth and development (light may be equally limiting for photosynthesizing plants).  One might expect the nitrate form of N, associated with lightning and rainfall, to have been the first form used by plants, since it would be present wherever there was water.  However, because of its mobility in soil and permeable geologic materials, in high rainfall environments nitrate would be lost by leaching through permeable material and the concentration would be too low when water accumulated above impermeable material.  In desert environments lack of water would discourage biological development. Under low to moderate rainfall nitrate might accumulate in the surface foot or two of permeable material, for lack of sufficient water to leach it downward.  Without biological activity to assimilate nitrate and reduce it to amino form, or denitrify it to gaseous forms (nitric and nitrous oxide, and diatomic N), nitrate might accumulate to the extent of creating significant geological deposits, such as found in saltpeter (potassium nitrate) mines.  In these low rainfall environments one might also expect chemical weathering of rocks and minerals to be limited to those which are most easily weathered, where potassium and sodium are the predominate cations. 


The strong dependency of higher plants for water and N may be a result of these two components being linked (NO3--N in rainfall) and abundant presence in the environment (78% N2 in atmosphere).

Fate of assimilated N.


Assimilated N might remain combined with carbon for many plant generations (here plant may actually mean microbial tissue).
Nature seems to abhor excesses, thus with time the accumulation would likely become substrate for a new class of microorganisms (heterotrophic, those which obtain their C requirement from organic matter).

 Why Is There Nitrate?
In soil-plant systems involving non-legumes, nitrate-nitrogen (NO3--N) is often the most important form of plant absorbed N.  The presence of NO3--N in soils is partially a result of additions by rainfall, believed to be caused by electrical discharges that oxidize N2.  On an annual basis, rainfall is believed to contribute only about 10 lb NO3--N/acre (enough to support the production of about 5 bushels of wheat).  The greater cause for NO3--N in soils is a result of its production by microorganisms capable of oxidizing ammonium-N (NH4+) produced when other microorganisms oxidize organic matter.  Since plants and microorganisms can utilize NH4+-N as their sole source of N, and especially considering plants expend much less energy converting NH4+-N to amino-N and proteins, one must wonder why NO3--N is such an integral part of the soil-plant system.  Furthermore, since nitrifying microorganisms (autotrophic obligate aerobes) seem not to be linked to higher plants, their ubiquitous presence in soils is somewhat puzzling. 

Cases against NO3--N.


One of the strongest arguments against plants having to absorb N in the form of NO3- is that it is very energy expensive for them, costing 15 additional moles ATP per mole N (Salsac, et al., 1987).  If plants could choose, they might be expected to select NH4+ in preference to NO3- on that basis alone.


In nature, non-legumes benefit tremendously from the presence of legumes for their source of N.  As legumes die and their protein-rich residue decays there is almost an assured increase in available NH4+-N in the surrounding soil.  The cation exchange capacity (CEC) of soils, associated with clay and humus content, provides adsorption at the site of residue decay and in the vicinity of the legume.  It would seem an ideal situation for non-legumes; an accumulating source of plant available-N in an environment already proven to be suitable for plant growth.


Transformation of NH4+ to NO3- causes a profound change in the mobility of N in soils.  The change to NO3- introduces a risk that N made available from legumes may be transported by water away from the environment that would support non-legume life.  Downward movement in permeable soils and high rainfall environments could permit N to be forever lost from the soil-plant system.  Nitrifying organisms are reportedly more populous at neutral and basic pH and tend to be inhibited in acidic environments.  Consequently, since acidic soils are associated with relatively high rainfall, lower nitrification activity in these environments protects NH4+ from transformation to the NO3- form that could be lost by denitrification or leaching. In non-permeable soils that become anaerobic after high rainfall, NO3- may be reduced by microorganisms to gaseous forms (NO, N2O, and N2) that would be lost to the atmosphere.  The presence of these heterotrophic facultative anaerobes, that because of their carbon source are linked to higher plant life, would seem to at least help avert the loss of NO3- to ground water.     

Cases for NO3--N.


The strongest justification for NO3--N in soils, from the perspective of plants trying to survive, would be that it greatly increases the availability of N, especially in arid and semi-arid environments.  Because of its adsorption on cation exchange sites, plant uptake of NH4+ is limited to that contained in a small volume of soil immediately surrounding active root surfaces.  This volume of soil is likely to be only a small portion (< 50 %) of the total surface-soil volume.  Using potassium (K+) as example, exchangeable K+ levels of about 125 ppm (250 lb/acre) are required in soils to meet annual requirements for most crops.  Uptake of K+ for a ton of grass forage is estimated to be only about 20 lb/acre (1 % K in tissue).  An “average” forage yield of two ton/acre would require about 40 lb K/acre, or extraction of about 16 % of the total 250 identified as available in a soil test.  The amount of NH4+-N required to support two ton/acre of forage is about 100 lb/acre.  If the NH4+-N were removed from only 16 % of the total surface soil volume, then the critical soil test NH4+-N level would be about 625 lb/acre.  While 1.0 milliequivalent of exchangeable K+ is equal to 780 lb K/acre, 1.0 milliequivalent of exchangeable NH4+ is equal to only 280 lb N/acre.  Therefore, about 1/3 of a milliequivalent of exchangeable K+ will meet crop needs, but it will require about 2 ¼ milliequivalents of NH4+.  These amounts may be somewhat exaggerated by not crediting release of fixed K+ and mineralization of organic-N during the growing season.

Arid and semi-arid environments.
In these environments, where soil pH is naturally alkaline and cation exchange sites are occupied by an abundance of Ca2+, Mg2+ and K+, it would seem especially difficult to obtain a chemical equilibrium that would allow retention of 2 ¼ milliequivalents of NH4+ on soil cation exchange sites.  If the soil were not saline, then the equilibrium pH would likely be near 8.0, which would favor loss of N by ammonia (NH3) volatilization according to the reaction


NH4+ + OH- ====( NH3 + H2O



[1]

and the equilibrium condition may be expressed as

(NH4+)  (OH-) /  (NH3)aqua  = 1.81 x 10-5.


[2]

The existence of aqua-ammonia is strongly dependent on soil moisture and soil pH.  As soil pH increases above 7, there is a strong decrease in the equilibrium concentration of NH4+ and an increase in the presence of NH3 (Figure 1).  Envisioning that NH4+ would be produced in a moist environment conducive to microbial decay of plant residue, one can only imagine that much of this N would be lost as NH3, volatilized as the soil quickly dried in the predominately hot and dry environment.
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Saltpeter, white, translucent, lustrous mineral composed of potassium nitrate, KNO3. It crystallizes in the orthorhombic system in prismatic crystals, which have a hardness of 2 and a specific gravity of 2.1, and these crystals exhibit perfect domal cleavage. The mineral, which is also called niter, forms delicate crusts on the surfaces of rocks and stone walls, and occurs as a component of surface soil in Spain, Iran, Egypt, and India. In the U.S. it occurs in loose soil of the limestone caves of Kentucky, Tennessee, and the Mississippi Valley. Saltpeter is of commercial importance as a fertilizer, in the manufacture of glass, as a food preservative, and in some medicines as a diuretic. Saltpeter was once used in gunpowder and is now found in explosives, fireworks, and matches. In addition, this substance is employed in fluxes used in metallurgy. It is important as a source of nitrogen in the manufacture of nitrogen-containing compounds, particularly nitric acid, and as an oxidizing agent in many industrial chemical processes.

Chile saltpeter, or soda niter, is composed of sodium nitrate, NaNO3. It occurs over vast areas in South America, particularly in Chile, in beds which vary in thickness from 15 cm to 3.6 m (6 in to 12 ft). The beds, called caliche, are interspersed with deposits of gypsum, sodium chloride and other salts, and sand. The caliche is quarried and purified in Chile before the Chile saltpeter is exported. In the U.S. small deposits are found in Nevada and California. Pure Chile saltpeter crystallizes in the rhombohedral system, forming white, semitransparent, lustrous crystals that are crystallographically similar to calcite. It has a hardness ranging from 1.5 to 2 and a specific gravity of 2.24 to 2.29, and exhibits perfect rhombohedral cleavage. Chile saltpeter deliquesces; that is, it absorbs water from the atmosphere, becomes moist, and gradually dissolves. It is used extensively as a fertilizer and in the manufacture of nitric acid. It is not used in the manufacture of gunpowder because of its deliquescence, but it is used in making the less abundant saltpeter.
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