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Introduction
The Northern High Plains of the United States is diverse in both climate and agricultural
aspects. Establishing a tried and true method of input application for farmers and ranchers is
made difficult due to the changing elevation, precipitation variability and diverse soil profiles
within the region. Inputs are the driving force, other than water, that guarantee a yield and profit
for a producer. However, as sustainability becomes a readily used buzz word in grant
applications and mainstream agriculture, producers have to be prepared to operate in a manner
that will ensure the life of the soil, their lands and their livelihood. Sustainability is a concept
that has many facets. Soil fertility, life form diversity, input management and global impact are
just a few facets that make up sustainable practices in agriculture. Optimization of nitrogen
budgeting and a solid picture of greenhouse gas emissions (GHG) from carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O) would allow producers to manage their farm ecosystems
for the long term.
In the Northern High Plains winter wheat/fallow systems are readily cropped utilizing a
14 month fallow period to store water and mineralize nitrogen. This system is chemically and
mechanically intensive resulting in nutrient leaching (Cassman et al., 2002). Intensive
agricultural practices deplete soil organic matter, microbial life, fertility, nutrient use efficiency,
water use efficiency and increase greenhouse gas emissions (GHG) (Tilman et al., 2001;
Gregorich et al., 1998); resulting in yield depression and profit loss. These systems have been
shown to use excessive synthetic nitrogen inputs to make up for soil depletion; little is publicized
about Northern High Plains winter wheat contributions to GHG emissions or assessment of
alternative cropping methods to fallow in the region.
Alternative approaches to land management (i.e. reduced tillage and diversified crop
rotation) can greatly increase yield, soil health and sustain farming (Collins et al., 2000; Doran et
al., 1998; Larney et al., 1997). The addition of a legume into a crop rotation affords the ability to
fix atmospheric nitrogen (N2); increasing the natural nitrogen inputs into the system and
decreasing economic burden on the producer (Barton et al., 2011). To date 16.8 million bushels
of wheat are expected in the region in 2011 (NASS). Currently in the region it is advised to
apply 2.3 lb of Nitrogen (N) to achieve 12% protein in winter wheat. If more protein is desired
then more N is applied (Prairie Grains). On an average 60 bushel winter wheat production, a
producer uses 138 lbs/N per acre; economically that translates to $33.05 an acre (ERS).
Depending on the scale of a producer’s winter wheat production fertilizer costs could be in the
thousands of dollars for one application. Nitrogen cost extrapolation on the expected bushels of
wheat in the region translates to $9.3 million dollars. Nitrogen application has shown to benefit
crop production in depleted soils provided water is available. N fertilizer application has also
been shown to affect nitrous oxide emissions (N2O) (Pattey et al., 2008); one of three greenhouse
gas (GHG) contributors to climate forcing. Coincidently with the change in cropping structure
also changes nutrient dynamics (Moore, 1994) leading to the change in gas emission. Depending
on the management of the cropping structure change the GHG mitigation can occur reduce GHG
emissions to the atmosphere.
Despite political ambiguity, climate data shows that there is a global warming trend that
has occurred since the industrial revolution and could very well be linked to land use;

specifically agricultural production (Brovkin et al., 1999, and Gameda et al., 2007). Agricultural
practices rank third in GHG production in the world (IPCC, 2001a). This trend indicates that
there is a bigger shift in minimum and maximum temperatures with maximum temperatures
increasing (Chase et al., 2000). This shift greatly affects precipitation and cropping schemes
ending in new plant varieties being bred to tolerate the changing climatic conditions (Gameda et
al., 2007). Global warming is the effect of an increase in CO2, CH4, and N2O being released
from the Earth’s surface and affecting how solar rays enter and exit the atmosphere (Brovkin et
al., 1999; Matthews et al., 2003). In tilled systems stored carbon in the form of soil organic
matter is brought to the surface, transformed to CO2 and released to the atmosphere (Baggs et al.,
2006). Methane released from agriculture soils most likely is oxidized to CO2 before it reaches
the atmosphere (Wassmann et al., 2000). In agricultural systems the major contributor of N2O
emissions is denitrification of microbial mediated processes (Groffmann et al., 2000) usually
resulting from excessive fertilization of crops (Naqvi et al., 2000). Schlesinger established that
the addition of fertilizers and tillage can considerably add to nitrous oxide emissions however,
dryland systems have decreased emissions (Smith et al., 2004) due to water filled pore space (
Pattey et al., 2008).
Industrialization and conversion of forest lands to large scale agricultural productions
results in an increased GHG concentration (IPCC, 1996; Brovkin et al., 1999; Matthews et al.,
2003; Oleson et al., 2004). Management practices of tillage, summerfallow, pesticide addition,
burning of weeds and irrigation affect the release of GHG from the Earth’s agriculture lands
(Gameda et al., 2007). In Canada 9.5% of GHG emissions have been linked to agriculture as of
2004 (Smith et al., 2004). Of this 9.5%, 60% is from the soil (cropping systems). This goes to
show that the management practices of the soil are vital to storing and trapping climate forcing
gases. As arable land continues to decrease and global warming persists it is imperative that
researchers, producers and consumers better understand the implications of farming practices to
ensure the future and health of our lands and food supply. The following review of wheat/fallow
alternative cropping systems will look at GHG emissions from legume crops utilized in rotation.
To date little is published about the effects of summerfallow conversion to legume crops on
GHG emissions and nitrogen budgeting in the Northern High Plains. However, comparable
work has been done in other parts of the world; mainly Canada and Australia.
Nitrogen Fixation
Addition of legumes to a cropping system can contribute large amounts of nitrogen
through atmospheric nitrogen fixation either through intercropping or conversion of
summerfallow to a legume crop cover (Gregorich et al., 2005, Tanaka et al., 2005). Legumes are
atmospheric nitrogen fixers and can increase nitrogen levels within soil. These crops can be
grown as a cover crop, crimped and tilled in prior to maturity to reduce erosion, evaporation, fix
nitrogen, increase soil organic matter (SOM), soil organic carbon (SOC) and increase water use
efficiency and nutrient cycling (Tonitto et al., 2006; Nyefeler et al., 2011; Tanaka et al., 2005).
When converting to a legume cover crop is it vital to understand the potential impacts of
the conversion and how those impacts work into the overall goal of the farm. Research shows
that crop rotation that includes more than 3 crops, one being a nitrogen fixing crop (pea), tend to
be healthier and more sustainable due in part to diversity in microbes, less pesticide application
and increased SOM, SOC and soil inorganic nitrogen (Naudin et al., 2010; Tonitto et al., 2006).
Conventional systems, defined as cereal crop with a fallow period, rely heavily on N fertilizer
inputs. This combination of practices decreased living plant material, carbon fixation, N
assimilation, SOM and increases soil erosion (Matson et al., 1997). Introduction of a legume

crop into rotation increases diversity of the overall system however, if a legume is intercropped
with a cereal crop weeds and pests are managed and diversity in space increases; leading to
greater yields, yield stability, increased nitrogen in cereal grain and a reduction of pesticide
application and nitrogen leaching (Naudin et al., 2010). These results were congruent with that
of Hauggaard-Nielsen et al., (2001). Many intercrop yields can go to market as silage for
livestock or cereal can be harvest and sold to grain markets. Each option has increased protein
and biomass due to synergistic mechanisms of legume with cereal (Naudin et al., 2010).
Research has indicated that niche optimization is key to success of nitrogen use
efficiency, decrease in non-renewable natural resources and chemical inputs while decreasing the
environmental impacts linked to overuse of inorganic N supplements (Naudin et al., 2010, Altieri
et al., 1989, Tilman et al., 2002, and Crews and People, 2004). Increased N-fixation has been
improved when legumes are grown in cold temperature regions (Tonitto et al., 2006).
Conversely other research has shown that N-fixation is impractical because of a wide-spread
misperception that legume cropping systems will reduce yield by 50%; but many still believe
that legumes fertilization is possible when optimized (Cassman et al., 2002; Smil, 2000; Sinclair
and Cassman, 1999; Tonitto et al., 2006). This reduction in yield, in comparison to a cash crop
is due to:
1.) a legume crop/green manure is grown for a full year, reducing cash crop cycling.
2.) legume managed land can incur costs due to crop up-keep.
3.) legumes cannot produce enough N to ensure maximum cash crop yield (Tonitto et al.,
2006).
Each of these issues is viable but at the cost of manmade N fertilizers any decrease in chemical
inputs should be seen as a benefit.
The Northern High Plains doesn’t have an extensive index of nitrogen fixing potential of
legume crops in the region. Regionally speaking, alfalfa is readily cropped for livestock forage.
Beans are cropped in rotation with barley and beets but as sole crops and not intercrops in
Wyoming. Currently there is research and breeding occurring for pea, medic, lupin and others.
These crops need to be assessed for nitrogen fixing potential in varying environments under
dryland and irrigated systems to determine their place in Northern High Plains farming. Table 1
gives an index of potential nitrogen fixing ability of crops from Western and Eastern Canada and
Australia.
Table 1- Average nitrogen fixed by legume crops and emitted nitrous oxide from around the world under both irrigated
and dryland conditions. Dryland is only rainfed water. Annually 50-70 Tg of atmospheric nitrogen are fixed every year
around the world.
Crop

Location
France
Australia
Canada
Australia

Nitrogen Fixing
Potential
30-45 kg N ha-1
150 kg N ha-1
50-370 kg N ha-1
17-47 kg N ha-1

Irrigated (I)/ Dryland
(D)
D
I and D
I and D

Pea

Medicago spp.
Annual Medic
Annual Clovers
Lupin

Australia
Australia
Australia
Australia

95 kg N ha-1
25 kg N ha-1
47 kg N ha-1
9-48 kg N ha-1

Soybean
Annually

Australia
World

64 kg N ha-1
50-70 Tg N

Clover or Vetch

Author

Nitrous Oxide Emissions
5.6 kg N2O-N ha-1Pattey et al.,
2008)

I and D
I and D
I and D
I and D

Naudin et al., 2010
Unkovich et al., 2010
LaRue and Patterson, 1981; Peoples
et al., 1995
Unkovich et al., 2010
Unkovich et al., 2010
“
“
“

I and D
I and D

“
Smil, 2001

4.9 N2O-N ha-1 (Ellert et al. 2008)

-0.5-24 N2O-N ha-1(Barton et
al., 2011)

Potential Legume Crops
Wyoming is mainly based in perennial legume systems such as alfalfa/grass for livestock
forage. Annual crops such as beans and peas are used in rotation throughout the state but peas

are not regularly used at this time. The addition of a perennial or annual legume can
considerably increase the diversity of a cropping system especially dryland systems (Tanaka et
al., 2005). By switching converting fallow ground to a legume crop, SOM, fertility, water
holding capacity and erosion control can be increased while adding N to the soil profile (Tanaka
et al., 2005). Most annual legume crops are terminated before maturity is reached. This ensures
the maximum N fixation benefit to the succeeding crop as the biomass returns immobilized N to
the soil profile (Tanaka et al., 2005).
Legumes in a system react differently depending on soil type and amendments. Irrigated
verse dryland legumes tend to react differently in N2 fixation rates (Table 1), biomass and
efficiency use of N (Corre-Hellou et al., 2011). A review of the literature indicates that legumes
that are cropped in a nitrogen rich soil or have nitrogen applied become lazy and they reduce
nitrogen fixation; in an N depleted system legumes tend to fix nitrogen efficiently (Naudin et al.,
2010). This research also shows that the succeeding crop or crops planted with the legumes
benefit favorably. The niches of the legume is optimized allowing the system to become a
higher productive land mass (Tonitto et al., 2006; Tanaka et al., 2005).
To optimize nitrogen fixation a few characteristics should be looked at: ease of cropping
legume, benefits (N2 Fixation) to system and cost. Legumes should be able to be easily planted
and taken care of to reap the benefit of nitrogen fixation for cash crops. These crops should also
be cheap to grow, monetarily and resource wise to not be a burden. Currently there needs to be
an understanding of the legumes present in Wyoming and how they affect cropping systems.
Peas are readily cropped north and south of the Northern High Plains, as is chickpea, beans,
lentils and black medic. One would presume that these crops could be established and nitrogen
fixation assessed to determine the maximum nitrogen benefit to the rotation and succeeding.
Obtaining an assessment of nitrogen fixation according to Wyoming seasonality is vital in
determining if legumes are a possible alternative to fallow ground.
Nitrous Oxide Emissions of Legumes
Despite legumes interest for nitrogen fixation as an alternative to chemical nitrogen
inputs, legumes have been shown to have excessive nitrous oxide emissions. This could be very
detrimental to a cropping system that is managed for trace gas emissions. The key according to
research for proper nitrous oxide emissions is regular and often sample taking to ensure proper
estimates. Many models utilize linear interpolation for estimates which may underestimate
values. These values also usually miss wetting events and winter emission (Parkin et al., 2006;
Hergoualc’h et al., 2009). The main nitrous oxide emissions that are derived from soils are
associated with nitrification and denitrification (Gregorich et al., 2005). Climatic factors,
uncontrollable in field settings, can also drive N2O emissions: temperature, water content and
freezing/thawing events (Burton and Beauchamp, 1994). Farming practices such as: tillage,
residue management, legume cropping and N mineral fertilizer application can effect N2O
emissions greatly (Gregorich et al., 2005). Most research for N2O emissions in conjuncture with
cropping practices of legumes have occurred in Eastern Canada.
The results of these studies indicated that major N2O fluxes occur in winter/spring due to
freeze thaw events which lyse microbial cells releasing nutrients (Ivarson and Sowden, 1970).
This process enhances organic carbon which promotes denitrification (Ellert et al., 2008).
During these freeze thaw events saturation of the soil with water is likely to occur, favoring
denitrification of soil mineral N, producing N2O (Gregorich et al., 2005). Research on perennial
verse annual legume systems solidifies that annual systems tend to have greater emissions in
freeze/thaw situations than perennial systems (1.19 +/- 0.79 kg N2O-N per hectar per year

annual, 0.29 +/- 0.39 kg N2O-N per hectar per year). Authors indicated that this differences is
due to inorganic N content under perennial crops is less and the active decay of roots and uptake
of nutrients is slower (Gregorich et al., 2005). Legumes are suggested to contribute 0.4 Mt N2ON per year to the 10% nitrous oxide emissions that are produced via agricultural activities
(Barton et al., 2011).
The use of tillage and residue incorporation has shown to increase emissions upon
breakdown of legume residues and this breakdown can occur very close to freezing temperatures
and should be monitored throughout the year (Gregorich et al., 2005; Chantigny et al., 2002).
No-till systems like dryland, perennial systems have shown to be much lower in emissions than
those that are tilled. In an alfalfa/grass system, the predominate legume system in Wyoming, notillage, dryland management practices could be used to mitigate the emissions produced from the
crop. However, to optimize emissions one must manage the system for health and profit.
Alfalfa systems produce more N2O emissions than annual systems like soybeans cropped with
corn (Ellert et al., 2008). Ellert et al. establishes that emissions of nitrous oxide are highly linked
to peak growth rather than water pulse, temperature, or harvest. These statements are different
than other research which indicates emissions being linked to multiple cuttings of the perennial
crop throughout the year, water pulses and temperature of the soil (Rochette et al., 2004a). This
is concurrent with research concerning emissions of alfalfa due to the dieback of nodules after
harvest (Vance et al., 1979); another potential source of emissions in the perennial system could
be due to the amount of residue that falls on the ground during the growing season (~13 kg per
hectar per year, (Tomm et al., 1995).
Gregorich et al., (2005) established that residue plays a vital role in emissions from
cropping systems. The practice of tilling in residue into the soil increases emission 2.41 kg N2ON per hectar than if the residue is kept on the surface and allowed to decompose. Some research
suggests that this flux in nitrous oxide offsets stored carbon (Barton et al. 2011); management
practices must be known to make simple decisions when assessing trace gases! Table 1 provides
nitrous oxide fluxes of a few crops.
The literature doesn’t calculate emissions using a universal method. Many papers
indicate that the IPCC over estimates N2O emission for a growing year due to universal constants
which are not regional specific. It might be imperative to establish a method to calculate
emissions from crops within the Northern High Plains region so that data can easily be assessed.
This will also allow annual and perennial systems to be assessed equally within the region;
values will be truly comparable!
Conclusion
Ultimately for the Northern High Plains use of legumes in place of summerfallow,
cropping system optimization must occur. This can only occur after legumes are assessed in the
region. Annual and perennial legumes that are likely to grow in the region: Austrian winter pea,
soybean, bean, clovers, alfalfa, and medic need to be assessed for greenhouse gas emissions,
nitrogen fixation and soil indices to assess health of system. These initial assessments will allow
cropping schemes to be optimized for mineral N additions, water use and productivity to ensure
sustainability in the region and determine if fallow conversion to legume cropping is viable.

Literature Cited
Barton L., Butterbach-Bahl K., Kiese R., Murphy D.V. (2011) Nitrous oxide fluxes from a grainlegume crop (narrow-leafed lupin) grown in a semiarid climate. Global Change Biology
17:1153-1166. DOI: 10.1111/j.1365-2486.2010.02260.x.
Cassman K.G., Dobermann A., Walters D.T. (2002) Agroecosystems, nitrogen-use efficiency,
and nitrogen management. Ambio 31:132-140.
Collins H.P., Elliott E.T., Paustian K., Bundy L.C., Dick W.A., Huggins D.R., Smucker A.J.M.,
Paul E.A. (2000) Soil carbon pools and fluxes in long-term corn belt agroecosystems.
Soil Biology & Biochemistry 32:157-168.
Corre-Hellou G., Dibet A., Hauggaard-Nielsen H., Crozat Y., Gooding M., Ambus P., Dahlmann
C., von Fragstein P., Pristeri A., Monti M., Jensen E.S. (2011) The competitive ability of
pea-barley intercrops against weeds and the interactions with crop productivity and soil N
availability. Field Crops Research 122:264-272. DOI: 10.1016/j.fcr.2011.04.004.
Doran J.W., Elliott E.T., Paustian K. (1998) Soil microbial activity, nitrogen cycling, and longterm changes in organic carbon pools as related to fallow tillage management. Soil &
Tillage Research 49:3-18.
Ellert B.H., Janzen H.H. (2008) Nitrous oxide, carbon dioxide and methane emissions from
irrigated cropping systems as influenced by legumes, manure and fertilizer. Canadian
Journal of Soil Science 88:207-217.
Gregorich E.G., Greer K.J., Anderson D.W., Liang B.C. (1998) Carbon distribution and losses:
erosion and deposition effects. Soil & Tillage Research 47:291-302.
Gregorich E.G., Rochette P., VandenBygaart A.J., Angers D.A. (2005) Greenhouse gas
contributions of agricultural soils and potential mitigation practices in Eastern Canada.
Soil & Tillage Research 83:53-72. DOI: 10.1016/j.still.2005.02.009.
Groffman P.M., Brumme R., Butterbach-Bahl K., Dobbie K.E., Mosier A.R., Ojima D., Papen
H., Parton W.J., Smith K.A., Wagner-Riddle C. (2000) Evaluating annual nitrous oxide
fluxes at the ecosystem scale. Global Biogeochemical Cycles 14:1061-1070.
Hergoualc'h K., Harmand J.-M., Cannavo P., Skiba U., Oliver R., Henault C. (2009) The utility
of process-based models for simulating N(2)O emissions from soils: A case study based
on Costa Rican coffee plantations. Soil Biology & Biochemistry 41:2343-2355. DOI:
10.1016/j.soilbio.2009.08.023.
IPCC, 2001: Climate Change 2001: Synthesis Report. A Contribution of Working Groups
I, II, and III to the Third Assessment Report of the Integovernmental Panel on
Climate Change [Watson, R.T. and the Core Writing Team (eds.)]. Cambridge
University Press, Cambridge, United Kingdom, and New York, NY, USA, 398 pp.

Kessavalou A., Mosier A.R., Doran J.W., Drijber R.A., Lyon D.J., Heinemeyer O. (1998) Fluxes
of carbon dioxide, nitrous oxide, and methane in grass sod and winter wheat-fallow
tillage management. Journal of Environmental Quality 27:1094-1104.
Larney F.J., Bremer E., Janzen H.H., Johnston A.M., Lindwall C.W. (1997) Changes in total,
mineralizable and light fraction soil organic matter with cropping and tillage intensities in
semiarid southern Alberta, Canada. Soil & Tillage Research 42:229-240.
Larue T.A., Patterson T.G. (1981) How much nitrogen do legumes fix. Advances in Agronomy
34:15-38. DOI: 10.1016/s0065-2113(08)60883-4.
Matson P.A., Parton W.J., Power A.G., Swift M.J. (1997) Agricultural intensification and
ecosystem properties. Science 277:504-509. DOI: 10.1126/science.277.5325.504.
Matthews R., Wassmann R. (2003) Modelling the impacts of climate change and methane
emission reductions on rice production: a review. European Journal of Agronomy

19:573-598. DOI: 10.1016/s1161-0301(03)00005-4.
Moore T.R. (1994) Trace gas emissions from canadian peatlands and the effect of climaticchange. Wetlands 14:223-228.
Naqvi S.W.A., Jayakumar D.A., Narvekar P.V., Naik H., Sarma V., D'Souza W., Joseph S.,
George M.D. (2000) Increased marine production of N2O due to intensifying anoxia on
the Indian continental shelf. Nature 408:346-349.
Naudin C., Corre-Hellou G., Pineau S., Crozat Y., Jeuffroy M.-H. (2010) The effect of various
dynamics of N availability on winter pea-wheat intercrops: Crop growth, N partitioning
and symbiotic N(2) fixation. Field Crops Research 119:2-11. DOI:
10.1016/j.fcr.2010.06.002.
Nyfeler D., Huguenin-Elie O., Suter M., Frossard E., Luescher A. (2011) Grass-legume mixtures
can yield more nitrogen than legume pure stands due to mutual stimulation of nitrogen
uptake from symbiotic and non-symbiotic sources. Agriculture Ecosystems &
Environment 140:155-163. DOI: 10.1016/j.agee.2010.11.022.
Oleson K.W., Bonan G.B., Levis S., Vertenstein M. (2004) Effects of land use change on North
American climate: impact of surface datasets and model biogeophysics. Climate
Dynamics 23:117-132. DOI: 10.1007/s00382-004-0426-9.
Parkin T.B., Kaspar T.C., Singer J.W. (2006) Cover crop effects on the fate of N following soil
application of swine manure. Plant and Soil 289:141-152. DOI: 10.1007/s11104-0069114-3.
Pattey E., Blackburn L.G., Strachan I.B., Desjardins R., Dow D. (2008) Spring thaw and
growing season N2O emissions from a field planted with edible peas and a cover crop.
Canadian Journal of Soil Science 88:241-249.
Peoples M.B., Herridge D.F., Ladha J.K. (1995) BIOLOGICAL NITROGEN-FIXATION - AN
EFFICIENT SOURCE OF NITROGEN FOR SUSTAINABLE AGRICULTURAL
PRODUCTION. Plant and Soil 174:3-28. DOI: 10.1007/bf00032239.
Sinclair T.R., Cassman K.G. (1999) Green revolution still too green. Nature 398:556-556. DOI:
10.1038/19182.
Smil V. (1999) Nitrogen in crop production: An account of global flows. Global Biogeochemical
Cycles 13:647-662.
Smil V. (2000) Phosphorus in the environment: Natural flows and human interferences. Annual
Review of Energy and the Environment 25:53-88.
Smith D.L., Almaraz J.J. (2004) Climate change and crop production: contributions, impacts,
and adaptations. Canadian Journal of Plant Pathology-Revue Canadienne De
Phytopathologie 26:253-266.
Tanaka D.L., Anderson R.L., Rao S.C. (2005) Crop sequencing to improve use of precipitation
and synergize crop growth. Agronomy Journal 97:385-390.
Tilman D., Cassman K.G., Matson P.A., Naylor R., Polasky S. (2002) Agricultural sustainability
and intensive production practices. Nature 418:671-677. DOI: 10.1038/nature01014.
Tilman D., Fargione J., Wolff B., D'Antonio C., Dobson A., Howarth R., Schindler D.,
Schlesinger W.H., Simberloff D., Swackhamer D. (2001) Forecasting agriculturally
driven global environmental change. Science 292:281-284.
Tomm G.O., Walley F.L., vanKessel C., Slinkard A.E. (1995) Nitrogen cycling in an alfalfa and
bromegrass sward via litterfall and harvest losses. Agronomy Journal 87:1078-1085.
Tonitto C., David M.B., Drinkwater L.E. (2006) Replacing bare fallows with cover crops in
fertilizer-intensive cropping systems: A meta-analysis of crop yield and N dynamics.

Agriculture Ecosystems & Environment 112:58-72. DOI: 10.1016/j.agee.2005.07.003.
Unkovich M.J., Baldock J., Peoples M.B. (2010) Prospects and problems of simple linear models
for estimating symbiotic N(2) fixation by crop and pasture legumes. Plant and Soil
329:75-89. DOI: 10.1007/s11104-009-0136-5.
Vance C.P., Heichel G.H., Barnes D.K., Bryan J.W., Johnson L.E. (1979) Nitrogen-fixation,
nodule development, and vegetative regrowth of alfalfa (Medicago sativa L.) following
harvest. Plant Physiology 64:1-8. DOI: 10.1104/pp.64.1.1.
Wassmann R., Aulakh M.S. (2000) The role of rice plants in regulating mechanisms of methane
missions. Biology and Fertility of Soils 31:20-29.

