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Native rangelands of the Northern Plains are
deficient in available soil mineral nitrogen (Power
and Alessi 1971; Wight and Black 1972, 1979; Goetz
1984; Tilman 1990). The widespread deficient
quantities of mineral nitrogen in the soils of mixed
grass prairie pastures is the major cause for grass
herbage production and calf weight gains to be at less
than potential levels.

Livestock producers typically treat these symptoms
with costly practices of feeding creep to the calves
and providing supplemental crude protein to the
cows. Supplemental amendments of nitrogen through
agronomic practices of fertilization and alfalfa
interseeding have been typically used to increase soil
mineral nitrogen. Extensive research has found that
these agronomic practices are not successful solutions
and that they actually cause additional long lasting
problems (Manske et al. 2005, 2014c). Treating the
symptoms has not corrected the problems.

Wight and Black (1972,1979) evaluated
herbage yield, plant species composition, and
precipitation (water) use efficiency of mixed grass
prairie at various quantities of available soil mineral
nitrogen over a ten year period that had average
annual precipitation at 13% above the long-term
mean. They concluded that nitrogen was a major
growth limiting factor in the Northern Plains, that
increasing herbage biomass production to biological
potential levels on rangeland ecosystems would
require sustained mineralization rates that supplied
100 to 165 pounds of available mineral nitrogen per
acre per year, and that the inhibitory deficiencies of
mineral nitrogen on rangelands that had less than 100
lbs/ac of available soil mineral nitrogen caused the
weight of herbage production per inch of
precipitation received to be reduced by an average of
49.6% below the weight of herbage produced per
inch of precipitation on the rangeland ecosystems that
had greater than 100 lbs/ac of mineral nitrogen and
had no mineral nitrogen deficiencies.

Deficiencies of soil mineral nitrogen in
rangeland soils are not the result of low quantities of
nitrogen. About 78% of the atmospheric volume
consists of dinitrogen gas (N2). The column of air
above an acre of land contains about 34,500 tons of
dinitrogen gas (Foth 1978). Dinitrogen gas in the
atmosphere is not directly available to higher plants.
Atmospheric dinitrogen can be fixed by a few types
of bacteria and by lightning and then moved into the
soil. Lightning discharges combine dinitrogen (N2)
and oxygen (O2) to produce nitric acid (NO) and
dinitrogen oxide (N2O) that are deposited on the land
in precipitation at a rate around 5 to 6 pounds per
acre per year in temperate regions (Brady1974,
Gibson 2009). Gaseous nitrogen oxides [nitric acid
(NO) and dinitrogen oxide (N2O)] and ammonia
(NH3) occur in the atmosphere and can be absorbed
directly by leaves of higher plants through stomata
(Coyne et al. 1995) and are eventually moved into the
soil.

Manske (2012a) documented quantities of
available mineral nitrogen that ranged from 31.2
lbs/ac to 76.7 lbs/ac on five traditional management
treatments with operational histories of 20 to 75
years. These low quantities of available mineral
nitrogen that are well below the threshold level of 100
lbs/ac indicate that long-term traditional grazing
management and long-term nongrazing practices
result in rangeland ecosystems with considerable
inhibitory mineral nitrogen deficiencies (table 1).

Rangeland soils of the Northern Plains have
been accumulating nitogen at a few pounds per acre
per year for about 5000 years since the current
climate started (Bluemle 2000, Manske 2008). Most
prairie soils contain 5 to 6 tons of nitrogen per acre.
The nitrogen in rangeland soils is primarily in the
organic form and not available to plants. A very large
portion of the soil organic nitrogen is contained in the
soil organic matter detritus at various stages of
physical breakdown and decomposition (Legg 1975).
Some of the organic nitrogen is immobilized in living
tissue of plants, microorganisms, and animals as
essential constituents of proteins and nucleotides. A
small amount of the soil nitrogen is in the mineral

The symptoms of low herbage biomass
production, deterioration of plant density and species
composition, and reduced livestock weight
performance caused by deficient quantities of mineral
nitrogen in pasture soils are easily observable.
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form as ammonium (NH4) and nitrate (NO3) with an
immeasurably minute amount as nitrate (NO2).
Annually, the amount of nitrogen entering a prairie
ecosystem through wet and dry deposition or leaving
an ecosystem as livestock weight is exceedingly small
compared with the amounts held as organic forms in
plants and microbes or in soil organic matter (Coyne
et al. 1995).

absorb both ammonia (NH3) and ammonium (NH4)
and pass these nitrogen forms directly into the host
plant, or the fungi can nitrify these forms of nitrogen
into nitrate (NO3) and then transport it into the roots
of the host plant (Moorman and Reeves 1979, Harley
and Smith 1983, Allen and Allen 1990, Box and
Hammond 1990, Marschner 1992, Manske 1996).
Absorbed ammonium must have immediate
assimilation with carbon upon entering root tissue and
then be converted into amino acids (Coyne et al.
1995). Absorbed nitrates can be reduced to ammonia
or ammonium and then converted to amino acids in
the roots, transported to the shoots or leaves for
assimilation into amino acids or stored in cell
vacuoles for later use (Coyne et al. 1995). The
greatest quantity of nitrate use occurs during the
vegetative growth stage until just past the flower
stage (Brady 1974).

Rangelands of the Northern Plains are not
inherently low producing ecosystems. Typical low
grass herbage production and calf weight gains on
rangeland pastures that result from deficient
quantities of available soil mineral nitrogen is strictly
a management caused problem. Development of
management solutions requires a working knowledge
of the biogeochemical processes of nitrogen in
rangeland ecosystems.
Biogeochemical Processes

The recently formed amino acids can be
used immediately to build complex nitrogenous
compounds, or the amino acids can float around
inside the plant for later use (Coyne et al. 1995).
Amino acids are building blocks for proteins,
nucleotides, and chlorophyll. Proteins are used to
form enzymes, hormones, and structural components
of cells. Nucleotides build nucleic acids,
deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), that are the genetic material that control all
cellular functions and heredity (Coyne et al. 1995).
About half of the organic nitrogen is in the form of
amino compounds (Brady 1974).

The nitrogen cycle within rangeland soils
functions around two major biogeochemical
processes: immobilization and mineralization. These
processes take place simultaneously with plant
growth, dieback, and microbial decomposition (Legg
1975). Immobilization is the process of assimilation
of mineral nitrogen into organic forms of living
organisms. Mineralization is the process of
converting organic nitrogen into mineral (inorganic)
nitrogen. The quantity of mineral nitrogen in a soil is
the net difference between the total quantity of
organic nitrogen mineralized by soil microorganisms
and the quantity of mineral nitrogen immobilized by
plants and soil microbes (Brady 1974, Legg 1975).

The nitrogen assimilated into complex
organic compounds is immobilized and thus protected
from loss by leaching or volatilization (Legg 1975,
Gibson 2009). Organic nitrogen is tied up in living
tissue and in soil organic matter for three to four
years in northern rangeland soils (Power 1972) and is
unavailable for use by higher plants until after it has
been mineralized by soil microorganisms.

Immobilization of nitrogen is a biological
process by which plants and soil microorganisms can
assimilate absorbed inorganic nitrogen into essential
organic nitrogen compounds. Ammonium (NH4) and
nitrate (NO3) are the two most important forms of
available mineral nitrogen in soils and both are
readily absorbed by grassland plant roots and soil
microorganisms. At low temperatures, ammonium
uptake is greater than nitrate uptake (Coyne et al.
1995).

Mineralization is a complex
biogeochemical process conducted by a large number
of saprotrophic and heterotrophic soil
microorganisms that convert immobilized organic
nitrogen from soil organic matter detritus and from
living tissue of plant roots or other soil microbes into
mineral (inorganic) nitrogen (Power 1972).
Ammonium salts are the first inorganic nitrogen
compounds produced by microbial digestion.
Complex proteins and other organic nitrogen
compounds are simplified by enzymatic digestion that
hydrolyze the peptide bonds and liberate and degrade
the amino acids by deamination to produce ammonia

Nitrogen uptake of both ammonium and
nitrate directly into grassland plant roots requires
energy and takes place during the daytime while
plants are conducting photosynthesis and a source of
energy is readily available (Coyne et al. 1995). In
prairie soils where ammonium is the major nitrogen
source, mycorrhizal symbiotic fungi enhance nitrogen
uptake and reduce the energy cost to host plants
(Coyne et al. 1995). Endomycorrhizal fungi can
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(NH3) and carbon dioxide, or other low molecular
weight carbon compounds (Power 1972, Brady
1974). Most of the ammonia released into soil water
is readily hydrolyzed into stable ammonium (NH4).

The quantity of available ammonium in
grassland ecosystems is dependant on the rate of
mineralization of soil organic nitrogen (Coleman et
al. 1983). The mineralization rate is determined by
the microorganism biomass, and the microorganism
biomass is limited by access to simple carbohydrate
energy (Curl and Truelove 1986).

The ammonium ions (NH4+) are fairly
immoble but have several optional biological and
chemical pathways; the cations can be absorbed
directly by plant roots, absorbed by soil microbes or
symbiotic fungi, adsorbed to clay lattice structure,
attached to organic matter or mineral soil, or be
oxidized during nitrification producing nitrite (NO2)
and then nitrate (NO3) (Brady 1974, Legg 1975,
Coyne et al. 1995).

The available energy from soil organic
matter is inadequate to increase soil microorganism
biomass substantially. Soil organic matter (SOM)
contains energy at a rate of about 4-5
kilocalories/gram which would translate into nearly
200 million kilocalories of energy in the top six
inches of an acre of soil (Brady 1974). Most of this
energy is lost during microbial decomposition and
dissipated from the soil as heat. The small amount of
energy available to soil organisms in fresh organic
material comes from short chain carbohydrates of
sugars and starches (1-5%) and from water soluble
proteins (very low %) (Brady 1974).

The nitrate ions (NO3–) are repelled by soil
particles and considered to be mobile moving freely
in the soil with water (Coyne et al. 1995). The
quantity of available nitrate in soil increases when the
soil moisture content increases (Brady 1974).
Some forms of mineral nitrogen are fairly
active and can be lost from the soil. In dry soils low
in hydrogen ions, some of the gaseous ammonia
(NH3) near the soil surface that has not been
hydrolyzed are volatilized into the atmosphere. In
mesic regions where soil water can move below the
rooting depth, some of the nitrate (NO3) in solution
can be lost by leaching (Legg 1975, Gibson 2009).
However, none of the mineral nitrogen in the
Northern Plains rangelands is lost by hydrologic
leaching through the soil profile (Power 1970)
because very little water moves below the three foot
soil depth and water loss by leaching is low or
nonexistent in the arid and semiarid regions of the
short grass and mixed grass prairies that are covered
with perennial vegetation (Brady 1974, Wight and
Black 1979). Leaching losses of mineral nitrogen in
the sub humid and humid regions of the mixed grass
and tall grass prairies are negligible (Brady 1974,
Coyne et al. 1995).

Manipulation of the mineralization rates
with grazing management will require increases in
available energy from plant sources in order to
increase the soil microorganism biomass. Grassland
plants exudate substances through the roots into the
surrounding soil. Root exudates include sugars,
amino acids, proteins, and numerous carbon
compounds (Coyne et al. 1995). The quantity of
exudates differ with plant species and is variable with
phenological growth stage. The quantity of root
exudate leakage from ungrazed grassland plants
support only a small microorganism biomass that are
capable of mineralizing low amounts of mineral
nitrogen (Manske 2012b). Rangeland ecosystems
require a minimum of 100 lbs/ac of available mineral
nitrogen to produce herbage biomass at the biological
potential rates (Wight and Black 1972).
Partial defoliation of grass tillers at
vegetative phenological growth stages by large
grazing graminivores causes greater quantities of
exudates containing simple carbohydrate energy to be
released from the grass tillers through the roots into
the rhizosphere (Hamilton and Frank 2001, Manske
2011a). With the increase in availability of energy
from carbon compounds in the rhizosphere, the
biomass and activity of the microorganisms increases
(Anderson et al. 1981, Curl and Truelove 1986,
Whipps 1990). The increase in rhizosphere organism
biomass and activity results in greater rates of
mineralization of soil organic nitrogen transforming
into greater quantities of available mineral nitrogen
(Coleman et al. 1983, Klein et al. 1988, Burrows and
Pfleger 2002, Rillig et al. 2002, Bird et al. 2002,

Burning of rangelands by prescribed fire and
wild fire causes volatilization of the nitrogen
contained in the aboveground herbage and litter.
Combustion causes nitrogen losses approaching 90%
primarily as ammonia (NH3), dinitrogen oxide (N2O),
and other nitrogen oxides (Russelle 1992). Little
belowground nitrogen is volatilized when soil is
moist during the burn, however, when soil is dry,
belowground temperatures can increase enough to
denature protein, killing portions of the grass crowns
and root material and volatilizing some belowground
nitrogen.

3

Driver et al. 2005). Increasing available mineral
nitrogen in rangeland soils with grazing management
strategies will require the participation of large
grazing graminivores, grass plants, and rhizosphere
microorganisms and the activation of the defoliation
resistance mechanisms.

by Manske (2011b) and are summarized in the
following paragraphs.
The compensatory internal physiological
processes increase the restoration of biological and
physiological processes enabling rapid and complete
recovery of plant biomass in partially defoliated grass
tillers (Langer 1972, Briske and Richards 1995). The
growth rates of replacement leaves and shoots
increase producing larger leaves with greater mass
(Langer 1972, Briske and Richards 1995).
Photosynthetic capacity increases in remaining
mature leaves and rejuvenated portions of older
leaves not completely senescent (Atkinson 1986,
Briske and Richards 1995). Allocation of the carbon
recently fixed by photosynthesis in remaining
rejuvenated mature leaves and the nitrogen recently
mineralized from soil organic nitrogen by active
rhizosphere organisms increases and moved to active
growing points (Richards and Caldwell 1985, Briske
and Richards 1995, Coyne et al. 1995). Water
(precipitation) use efficiency with increased herbage
biomass production improves (Smika et al. 1965;
Wight and Black 1972, 1979; Whitman 1976, 1978).

Defoliation Resistance Mechanisms
Grassland ecosystems developed as a result
of the global climate cooling near the end of the
Eocene epoch around 34 mya that reduced the forest
ecosystems to open savannah ecosystems then to
grassland ecosystems (Chintauan-Marquier et al.
2011, Gomez et al. 2012, Anissimov 2013,
Anonymous 2013). During the period of 30 to 20
mya, modern native grasses, rhizosphere
microorganisms, and large grazing mammalian
graminivores, coevolved and developed complex
interactive processes that improved mutual survival of
the organisms and perpetuation of the grassland
ecosystems.
The complex interrelationships amoung
grass plants, soil microbes, and graminivores are
symbiotic. The grazing graminivores depend on
grass plants for nutritious forage. Grass plants
depend on rhizosphere organisms for mineralization
of essential elements, primarily nitrogen, from the soil
organic matter. The main sources of soil organic
matter are grazing animal waste, dead plant material,
and soil microbe remains. Rhizosphere organisms
depend on grass plants for energy in the form of short
carbon chains. Grass plants exudate short carbon
chain energy through the roots into the rhizosphere
following partial defoliation by grazing graminivores
of the aboveground leaf material at vegetative
phenological growth stages. Grass plants produce
double the leaf biomass than is needed by the plant in
order to provide nutritious leaf forage for grazing
graminivores.

Asexual internal processes of vegetative
tiller development from axillary buds is the dominant
form of reproduction in semiarid and mesic
grasslands (short grass, mixed grass, and tall grass
prairies) (Belsky 1992, Chapman and Peat 1992,
Briske and Richards 1995, Chapman 1996, Manske
1999) not sexual reproduction and the development
of seedlings. Secondary tiller development from
axillary buds increases (Moser 1977, Dahl and Hyder
1977, Dahl 1995). Initiated tiller density increases
with the suppression of the inhibiting hormone, auxin
(Murphy and Briske 1992, Briske and Richards 1994,
1995).
External symbiotic rhizosphere organism
activity is absolutely necessary for the recycling of
the essential elements (Coleman et al. 1983, Ingham
et al. 1985). Mineralization of essential elements
increases (Coleman et al. 1983, Klein et al. 1988); the
macronutrients, nitrogen (N), phosphorus (P), and
sulfur (S) are in the form of organic compounds in
soil organic matter and are mineralized by soil
microbes, and potassium (K), calcium (Ca), and
magnesium (Mg) are inorganic cations adsorbed to
organic particles in soil organic matter. Ecosystem
biogeochemical cycling of essential elements, carbon
(C), hydrogen (H), oxygen (O), and the
micronutrients, renews the nutrient flow activities in
ecosystem soils (Coleman et al. 1983, Klein et al.
1988). Belowground resource uptake
competitiveness of grass plants improves (Li and

The complex interactions that occur in
grassland ecosystems that help grass tillers withstand
and recover from partial defoliation by grazing are
the defoliation resistance mechanisms (McNaughton
1979, 1983; Briske 1991; Briske and Richards 1994,
1995; Manske 1999). The three primary mechanisms
are: compensatory internal physiological processes
(McNaughton 1979, 1983; Briske 1991); asexual
internal processes of vegetative tiller production
(Mueller and Richards 1986, Richards et al. 1988,
Murphy and Briske 1992, Briske and Richards 1994,
1995); and external symbiotic rhizosphere organism
activity (Coleman et al. 1983, Ingham et al. 1985).
These processes have been reviewed and described
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Wilson 1998, Kochy 1999, Kochy and Wilson 2000,
Peltzer and Kochy 2001).

July no longer disrupts the C: N ratio and carbon
energy is not forced out of the grass tillers into the
rhizosphere. The period during which the defoliation
resistance mechanism can be activated with partial
defoliation by large grazing graminivores that causes
surplus carbon energy to be moved from the tiller into
the rhizosphere is short; for cool and warm season
native grasses, the combined time is 45 days from 1
June to 15 July (the 3.5 new leaf stage to the flower
stage), and for the major domesticated cool season
grasses, the time is 40 days from 1 May to 10 June
(also the 3.5 new leaf stage to the flower stage)
(Manske 2011b).

Activation of the Defoliation Resistance
Mechanisms
Activation of the defoliation resistance
mechanisms requires a complex assemblage of
biogeochemical processes that involve intricate
interactions among grass plants, rhizosphere
microorganisms, and large grazing graminivores
(Manske 1999)
Healthy grass plants capture and fix carbon
from atmospheric carbon dioxide during
photosynthesis that combines carbon, hydrogen, and
oxygen to produce carbohydrates in quantities greater
than the amount needed for tiller growth and
development (Coyne et al. 1995). The surplus short
chain carbon compounds are available to supply the
energy needed by the rhizosphere microorganisms.
The only time in which the surplus carbon energy can
be moved from the grass tiller through the roots into
the rhizosphere is while a tiller is in the vegetative
growth stage. During vegetative growth, the
aboveground foliage consists primarily of crude
protein (nitrogen) and water; most of the carbon is
still in the belowground parts. Partial defoliation of
the aboveground vegetative leaves removes more
nitrogen than carbon from the plant and disrupts the
tillers C: N ratio forcing that tiller to release (exudate)
some of its carbon into the rhizosphere.

Maintaining functionality of the activated
mechanisms has a high carbon and nitrogen demand
at the increased quantity of active growing points.
The source of the carbon is preferentially allocated
from the carbon recently fixed by photosynthesis in
the remaining rejuvenated older leaves and the source
of the nitrogen is preferentially allocated from the
nitrogen recently mineralized from soil organic
nitrogen by rhizosphere microorganisms (Ryle and
Powell 1975, Richards and Caldwell 1985, Briske
and Richards 1995). The variable quantities of
available mineral nitrogen and carbon that can be
used for rapid restoration of lost plant biomass
regulates the variable levels of performance of the
defoliation resistance mechanisms (Manske 2010b).
Wight and Black (1972, 1979) found that a
minimum threshold quantity of 100 lbs/ac of
available mineral nitrogen was required to fully
activate the water (precipitation) use efficiency
processes that enable a sustained herbage biomass
production at biological potential levels on mixed
grass prairie. Rangelands that have less than 100
lbs/ac mineral nitrogen have nitrogen deficiencies that
cause the weight of herbage production per inch of
precipitation received to be reduced an average of
49.6%. Mineralization at high rates that supply
mineral nitrogen at 100 lbs/ac can not be obtained
from traditional grazing practices (Wight and Black
1972, Manske 2012a, table 1).

Partial defoliation of tillers before the third
new leaf stage, when the plants are low in
carbohydrates, results in reduced growth rates of
herbage production for the remainder of the growing
season (Campbell 1952, Rogler et al. 1962, Manske
2000b) because the amount of photosynthetic product
synthesized by the small leaf area of remaining early
growth leaves is insufficient to meet the requirements
for new leaf growth (Heady 1975, Coyne et al. 1995,
Manske 1994, 2000b). After the tiller has produced
three and half new leaves, the leaf area is large
enough to synthesize photosynthate at sufficient
quantities to meet leaf growth requirements (Manske
2011b).

Manske (2010a, 2010b) found that partial
defoliation by large grazing graminivores of grass
tillers at phenological growth stages between the
three and a half new leaf stage and the flower
(anthesis) stage activated the compensatory
physiological processes and activated the asexual
processes of vegetative tiller production on rangeland
pastures that had 100 lbs/ac or greater of available
mineral nitrogen. However, this same defoliation
treatment did not activate the defoliation resistance
mechanisms of grass plants on rangeland ecosystems

Almost all grass tillers live for two growing
seasons, tillers produce vegetative growth during the
first growing season and during the second growing
season, the lead tillers develop flower stalks (Manske
2014a). As the vegetative leaves mature, complex
structural carbon compounds, cellulose and
hemicellulose, increase and lignin forms in the cell
walls (Manske 2011b). Partial defoliation after mid
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that had soil mineral nitrogen available at quantities
of less than 100 lbs/ac.

Removal of 25% of the leaf material from
grass tillers between the three and a half new leaf
stage and the flower stage caused an increase in the
quantities of exudates containing simple carbon
energy to be released from partially defoliated grass
tillers through the roots into the rhizosphere to be
great enough to significantly increase the rhizosphere
volume in a grazing treatment study (Gorder,
Manske, Stroh 2004) and to significantly increase the
rhizosphere weight by the third year after initiation of
the activation treatment in a prairie restoration study
(Manske 2013).

The defoliation resistance mechanisms do
not function automatically; they require annual
activation by partial defoliation of tillers at the
vegetative growth stages between the three and a half
new leaf stage and the flower stage; and the
mechanisms do not function unless 100 lbs/ac of
mineral nitrogen is available from the rhizosphere
microorganisms (Wight and Black 1972, 1979,
Manske 2010a, 2010b, 2014a, 2014b). Activation of
the defoliation resistance mechanisms requires that
the rhizosphere microbe biomass be increased to the
level that is capable of mineralizing nitrogen at a high
rate of 100 lbs/ac or greater. Rangelands in typical
condition that have had a history of management of
strong land stewardship ethics with traditional grazing
practices requires two to three growing seasons to
increase the soil microbe biomass; rangelands in
poorer condition require five to seven years; and
rangelands with histories of winter grazing or
nongrazing require more than ten years to increase
the soil microbe biomass sufficiently (Manske 2011b,
2012b).

Removal of 25% of the leaf material by
partial defoliation of grass tillers between the three
and a half new leaf stage and the flower stage fully
activated the compensatory physiological processes
and fully activated the asexual processes of vegetative
tiller production when 100 lbs/ac or greater of
mineral nitrogen was available. The weight of the
leaf biomass removed by partial defoliation was
replaced with new leaf growth at a rate of 140% of
the lost weight. The quantity of vegetative tiller
production increased at a rate of 214% greater tiller
density/m2 (Manske 2010a, 2010b, 2014a, 2014b).
The remaining 75% leaf material of rejuvenated older
leaves had sufficient leaf area to fix carbon at
adequate quantities for compensatory growth and
development of the replacement leaves and shoots.
Removal of 25% of the leaf weight during vegetative
growth stages also removed sufficient quantities of
the growth-inhibiting hormone, auxin, permitting
synthesis or utilization of the growth hormone,
cytokinin, in the axillary buds and activated growth
and development of vegetative tillers from a high
percentage of the axillary buds (Manske 2011b).

Crider (1955) conducted an extensive study
that found that grass tillers with 50% or more of the
aboveground leaf material removed reduce root
growth, root respiration, and root nutrient absorption.
These physiological functions of grass plants have
recently been described as the process of
“belowground resource uptake competitiveness” that
were documented by Kochy and Wilson (2000).
Crider’s work led to the familiar range axiom “take
half and leave half” which is still sound advice for
grazing periods after peak herbage biomass has been
reached during the last two weeks of July (Manske
2000a).

Activation of the defoliation resistance
mechanisms; the compensatory physiological
processes and coprocesses, and the asexual processes
of vegetative tillering and coprocesses; requires
grazing management strategies that specifically
include annual activation with partial defoliation by
large grazing graminivores that removes 25% to 33%
of the aboveground leaf and shoot weight from grass
tillers in vegetative phenological growth between the
three and a half new leaf stage and the flower stage
after 100 lbs/ac of available mineral nitrogen has
been mineralized annually by the rhizosphere
microorganism biomass that has been enhanced over
two or three growing seasons by increased exudate
release containing short chain carbon energy from
vegetative grass tillers by partial defoliation and after
fixed carbon is available in large enough quantities
from the leaf area of rejuvenated tillers equal to 75%
to 67% of the ungrazed vegetative tiller leaf area.

Removal of 50% of the leaf weight of
vegetative grass tillers between the 3.5 new leaf stage
and the flower stage did not activate the
compensatory physiological processes nor the asexual
processes of vegetative production of tillers from
axillary buds regardless of whether the available
mineral nitrogen was above or below the threshold of
100 lbs/ac. The remaining 50% leaf material had
insufficient leaf area to provide adequate quantities of
fixed carbon for grass plant restoration. Because of
the deficient availability of carbon, the weight of the
leaf biomass removed by defoliation was not replaced
by compensatory processes and fewer vegetative
tillers were produced than that developed on the
ungrazed control treatment (Manske 2010a, 2010b,
2014a, 2014b).
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rates typically require two to three growing seasons to
increase the rhizosphere microorganism biomass to
levels that are capable of mineralizing available
mineral nitrogen at rates of 100 lbs/ac. The
defoliation resistance mechanisms can then be
maintained at full functional levels through grazing
management strategies that specifically include
annual activation treatments of partial defoliation by
large grazing graminivores that remove 25% to 33%
of the aboveground leaf weight of grass tillers at
phenological growth stages between the three and a
half new leaf stage and the flower stage.

Summary
Many of the problems found on rangeland
pastures are the result of deficiencies in the amount of
available mineral nitrogen in the soil. Nongrazing
and traditional grazing practices are the origins of
these management caused problems.
Rangeland soils are actually not deficient in
nitrogen; they contain large quantities of organic
nitrogen, but it is not available to higher plants.
Nitrogen cycles within rangeland soils from the
organic form to the mineral form and back to the
organic form through biogeochemical processes:
immobilization and mineralization. Immobilization
of mineral nitrogen to organic nitrogen requires new
growth of plants and microorganisms. Mineralization
of organic nitrogen into mineral nitrogen requires soil
microorganism decomposition.

Stopping the functionality of the defoliation
resistance mechanisms is also not instantaneous.
When or if the annual activation treatments are
terminated, the functional levels of the defoliation
resistance mechanisms fade rapidly to ineffectiveness
during the following two or three growing seasons.

These biogeochemical processes are integral
to the complex mechanisms developed by grass plants
that permit grass tillers to withstand and recover from
partial defoliation by large graminivores. These
mechanisms are the defoliation resistance
mechanisms. The grass plants require large quantities
of mineral nitrogen and fixed carbon to be available
for the rapid production of new leaves and shoots and
the development of vegetative tillers that replace the
plant biomass lost by grazing.
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Starting the functionality of the defoliation
resistance mechanisms is not instantaneous.
Adequate quantities of mineral nitrogen and fix
carbon must be available before the mechanisms will
start to function. Mineral nitrogen needs to be
available at the threshold quantity of 100 lbs/ac or
greater. Available mineral nitrogen at these high
rates requires a great rhizosphere microorganism
biomass that can be maintained through exudation of
large quantities of short chain carbon energy from
grass tillers that have had partial defoliation by large
grazing graminivores while the tillers were at
vegetative growth stages between the three and a half
new leaf stage and the flower stage. Adequate
quantities of available fixed carbon can be provided
by the partially defoliated tillers when the combined
leaf area of the remaining and rejuvenated leaves is
75% to 67% of the leaf area of ungrazed tillers at
vegetative growth stages. This means that the
quantity of leaf removal during the defoliation
resistance mechanism activation treatment of partial
defoliation by large grazing graminivores needs to be
25% to 33% of the vegetative tillers leaf weight.
Rangelands with long-term management by
traditional grazing practices with moderate stocking
7

Table 1. Mineral nitrogen (lbs/ac) available on mixed grass prairie ecosystems effected by traditional
management treatments.
Traditional
Management
Treatment

Operational
Duration
Years

Available
Mineral Nitrogen
lbs/ac

4.5 m Seasonlong

20 yr

76.7

6.0 m Seasonlong

20 yr

61.6

Deferred Grazing

50 yr

31.2

7.0 m Seasonlong

75 yr

42.4

75 yr

39.5

Nongrazed
Data from Manske 2012a.
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