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CHAPTER 1 

SUSTAINABLE VEGETATION FOR FLORIDA RIGHTS-OF-WAY 

Background 

The scenery of Florida highways may change depending on the location and 

season, but one aspect of the roadway system remains consistent. That is, many of 

Florida’s rights-of-way are in vegetative cover, principally grasses, and they provide 

safety, economic, environmental, as well as aesthetic contributions to the roadway 

system. Bahiagrass (Paspalum notatum Flüggé) fulfills all four of these needs for the 

Florida peninsula and much of the U.S. Southern Coastal Plain.  

According to U.S. Department of Transportation and Federal Highway 

Administration, Florida’s total public road length in 2015 was an estimated 122,700 

miles (FHSA, 2015), and roughly 24 acres per mile of easement in bahiagrass. This 

equates to approximately three million acres of bahiagrass associated with Florida 

roads. Most of these vegetated or bahiagrass acres, are maintained by the Florida 

Department of Transportation (FDOT), where in 2014 approximately $33.5 million was 

allocated to manage vegetative acres, and 25% of that budget was allocated to mowing 

costs (Harrison, 2014). 

Mowing large areas or strips along the highway requires sizeable equipment that 

can cut a wide swath quickly to reduce overall management costs and to remain within 

state budget schedules. However, the larger diameter blade length can increase grass 

scalping hazards over uneven terrain. Additionally, the larger equipment cannot easily 

and safely accommodate more extreme terrain, such as severe inclines. 
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Mismanagement is one of the contributing factors to periodic declining 

bahiagrass swards on rights-of-way. Similar to a lawn, repeated, aggressive mowing 

that scalps the grass close to the soil surface jeopardizes adequate regrowth and 

makes the plant more susceptible to pests, diseases and invasive weeds. In addition, 

the lack of routine fertilizer applications to an already nutrient-poor roadside soil may 

compromise plant health and result in a greater chance for stand decline. On sloped 

terrain, this will eventually result in soil erosion. An ideal roadside vegetative cover that 

requires less frequent mowing with little to no fertilizer applications may greatly improve 

plant and soil health, as well as benefit rights-of-way management and state 

appropriated budget outlays. 

When grass vegetative cover is compromised, the soil becomes exposed and 

weeds can establish. Weeds encroaching into a grass sward might appear well-

vegetated and green from a distance, but many annual weeds do not typically spread 

evenly over the ground or form a fibrous root system like a sod-forming grass. The 

growth habit of many weed species results in spotty vegetative cover. This is more 

easily observed after mowing, where the main stem that was previously camouflaged by 

above ground vegetation is all that remains following mowing (Fig. 1-1). This new area 

of exposed soil is now more susceptible to erosion, particularly during heavy rain events 

(Nearing et al., 2005; Pimentel et al., 1995). 

A soil’s susceptibility to erosion depends on soil texture, and to a lesser extent, 

soil organic matter (Pimentel et al., 1995). Without adequate root growth and biomass 

turn-over, soil organic matter (SOM) content remains low. Soils with a greater silt and 

gravel content and increased slope severity are more prone to water erosion. 
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Additionally, finer textured soils (greater clay content) reduces water infiltration rates, 

while increasing SOM improves water infiltration. Bahiagrass is noted for its ability to 

increase SOM and improve water infiltration, due to its massive, fibrous and deep root 

system. 

  

Fig. 1-1. I-10 right-of-way on embankment. Bahiagrass decline, followed by 
erosion and weed infestation exposes increasingly more soil over time.  

Maintaining a heathy, sod-forming grass is one of the simplest and most 

economical ways to keep some of our more erosion-prone highway easements 

serviceable and attractive. Preserving grass health and function under today’s funding 

constraints and desire to reduce fertilizer inputs, present challenges to state and local 

road departments. This report investigated options for improving the health and function 

of this grass-based landscape by including a perennial legume into the system to 

provide a source of nitrogen (N) fertility and other ecosystem services, as well as 

reduce risk if one sward species is attacked by pests or disease. The grass species 
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under consideration is bahiagrass (Paspalum notatum Flüggé), and the perennial 

legume is rhizoma peanut (Arachis glabrata Benth.). 

Bahiagrass 

Bahiagrass, (Paspalum notatum Flüggé), is a warm-season, perennial grass, 

native to subtropical regions of South America. It is grown under similar climates world-

wide. In the southern United States, bahiagrass is grown primarily as a pasture grass or 

hay forage, and as turf for public spaces and highway rights-of-way (Gates et al., 2004; 

Blount and Acuña, 2009). Bahiagrass performs best in moderately acid, sandy soils 

(Rana et al., 2013). In addition, it prefers well-drained soils, but it can also survive in 

temporarily saturated/flooded soils (Sigua et al., 2013).  

Physiology 

In the southeastern United States, the active growing period for bahiagrass is 

approximately April through September. Bahiagrass is typically propagated by seed, 

although sod is often used when a quick vegetative cover is required (for example, 

lawns or easements). Considered an obligate, long-day plant, bahiagrass produces the 

most seed heads under the longest days. Bahiagrass produces numerous seeds on two 

racemes (seed heads) atop a long stem. Seed head number, seed count, raceme 

length, and culm length vary according to cultivar and environmental conditions.  

Bahiagrass plants establish quickly if seeded during the rainy season, June 

through August in Florida (Newman et al., 2010). During the cool-season, bahiagrass 

enters dormancy but there is some variation in this response. For example, ‘Argentine’ 

enters a strong dormancy upon the first moderate frost or freeze and will often not break 
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dormancy until the following spring. In comparison, diploid types, such as ‘Pensacola’, 

will often re-establish vegetative growth if temperatures rise significantly after the frost. 

During dormancy, bahiagrass sod turns brown and maintains a cover over the soil 

surface, thereby minimizing the chance for soil erosion if the sod is healthy and thick.  

A strong sod cover relies on healthy, aggressive tiller production. The quantity 

and quality of bahiagrass tillers depend on the amount of energy stored in rhizomes and 

roots. This stored energy is used for leaf and seed production. It is interesting to note 

that greater tiller densities were observed after a cutting or defoliation height of 2 cm 

compared to 12 cm or 17 cm (Hirata, 2000). Similar results in a 2011 study found an 

increase in tiller growth with a shorter cutting height, 4 cm compared to 8 cm (Interrante 

et al., 2011). This helps to make bahiagrass a good forage grass under grazing 

pressure. However, constant removal of all leaves degraded bahiagrass swards by 

decreasing tiller density, leaf production and rhizome mass (Hirata and Pakiding, 2003). 

To add to this, during a grazing frequency study in 2009, bahiagrass plots grazed at two 

weeks had fewer tillers than at four weeks, 842 tilers m-2 and 984 tillers m-2 respectively 

(Vendramini et al., 2013). Hirata (2000) also reported that increased N applications 

resulted in greater tiller density. As expected, a combination of moderate grazing/cutting 

frequency and adequate N fertilization benefited bahiagrass sod health and production. 

Bahiagrass can spread across the landscape via rhizomes. Rhizomes not only 

increase groundcover, but they provide nutrient and energy (carbon) storage. 

Bahiagrass stores photosynthates (non-structural carbohydrates) in rhizomes, as well 

as in stems. This characteristic is often found in tropical or subtropical plants, which can 

survive occasional subfreezing temperatures (Interrante et al., 2009). The rhizomes are 
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crucial to the plant’s survival during defoliations (frequency and amount), extreme 

weather conditions, and dormancy, as well as foot or vehicular traffic.  

Bahiagrass is known to have a deep and extensive root system compared to 

other warm-season grasses. Roots, along with rhizomes located near the soil surface 

help stabilize the soil. A deep root system is essential during periods of drought where 

soil moisture and some plant nutrients may be available in the subsoil depths. During 

establishment, bahiagrass roots develop at a constant rate when no physical limitations 

are present (Acuña et al., 2010). Bahiagrass forms root hairs, but unlike bermudagrass 

and other warm-season grasses, bahiagrass root hairs account for a smaller 

percentage of total root length. For example, Argentine bahiagrass root hairs accounted 

for 32% of root length and 29% for Pensacola bahiagrass, compared to 77% for ‘Tifway’ 

bermudagrass (Green et al., 1991). The root hairs increased the total root length, in turn 

increasing absorption surface area for water and nutrient uptake. 

Bahiagrass roots are able to extract soil water and some nutrients, such as NO3-

N, from the subsoil, thereby contributing to their success as a great vegetative cover on 

rights-of-way, where water and nutrients are typically limiting. Beaty et al. (1975) 

reported that bahiagrass produced a relatively larger root mass without N fertilization, 

compared to many other perennial grasses, such as bermudagrass. Among six tested 

cultivars, ‘Argentine’ (tetraploid) produced greater rhizome+root biomass than ‘TifQuik’ 

and ‘UF-Riata’ (diploids bred for high above-ground yields) in an Orangeburg series soil, 

under no N fertilization. 
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Bahiagrass Cultivars and Uses 

Bahiagrass cultivars have been bred for use as turf, utility turf, or as forage for 

livestock. Bahiagrass can be split into two distinct botanical types or ploidy types, diploid 

and tetraploid. Diploid bahiagrass typically has long, narrow leaves up to 35 cm long, 

having two to three racemes and a plant height ranging from 40 to 70 cm (Blount and 

Acuña, 2009). ‘Pensacola’, a diploid bahiagrass cultivar, is most commonly grown for 

pasture and forage production, due to its moderate cold tolerance and high forage 

yields. ‘Tifton 9’ is another diploid bahiagrass that produces approximately 30% more 

forage than Pensacola (Blount and Acuña, 2009), while TifQuick bahiagrass yields 

somewhat more than Tifton 9 and has more uniform, early germination (Blount and 

Acuña, 2009; Newman et al., 2010).  

The most common tetraploid bahiagrass in the U.S. is ‘Argentine’, which has 

broad leaves that are flat or folded, and plant height ranging from 15 to 50 cm tall. This 

bahiagrass is favored for sod use, such as along roadways, and Argentine bahiagrass 

produces fewer seed heads than Pensacola (Blount and Acuña, 2009) and has dark, 

broad leaves which may be more desirable for home lawns. Argentine may might be 

somewhat less suitable for hay production due to its susceptibility to ergot in the seed 

heads, which is toxic to cattle (Bacon et al., 1986). ‘Riba’ is a low-growing, turf-type 

bahiagrass that may require less mowing than Argentine and seems less susceptible to 

ergot infection (Blount and Acuña, 2009). However, there is no commercial seed 

production in the United States. 
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Bahiagrass Stand Decline 

Frequent, repeated aggressive mowing or scalping can negatively impact a 

bahiagrass sward to the point that the plant is no longer able to recover. Bahiagrass 

stand decline can result in greater environmental problems. The lack of plant biomass 

(above- and below-ground), leaves a soil susceptible to water erosion. Stand decline 

aggravates erosion problems, especially on slopes and compacted surface soil near 

waterways. Lack of vegetation over highly leachable soil types may contribute road 

contaminants to groundwater. Stand decline may result from a lack of essential 

nutrients in the soil and/or disease pressures. These problems are exacerbated by 

improper mowing practices. 

While bahiagrass has few disease and pest problems, it is still susceptible to a 

few fungal diseases, and in some cases a portion of or an entire stand may be killed. 

The humid, warm weather in Florida and low mowing height practices increase disease 

incidences (Blount and Acuña, 2009; Goodman and Burpee, 1991). For example, Dollar 

spot disease, Clarireedia monteithiana, can destroy the leaves of bahiagrass, which in 

turn decreases the plant area available for photosynthesis and result in suboptimal plant 

growth. According to multilocation and multiyear observations, this disease was 

observed to be less detrimental in tetraploid, Argentine, compared to diploid, Pensacola 

(Blount and Acuña, 2009). While not exclusive to bahiagrass, dollar spot is also found in 

other grasses such as bermudagrass, Cynodon dactylon, and zoysiagrass, Zoysia spp, 

(Goodman and Burpee, 1991). Root rot diseases, such as Rhizoctonia solani (Brown 

patch) and Gaeumannomyces graminis (Take-All) have been routinely identified in 
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bahiagrass fields showing symptoms of decline (C. Mackowiak, personal 

communication).  

Bahiagrass can grow well in low-input systems; however, if soil nutrients are 

lacking or were depleted through management, erosion or leaching events, then the 

stand may go into decline. For vigorous plant growth, the optimal pH for bahiagrass was 

5.5 in a Smyrna sand, compared to growth at either 4.5 or 6.5 (Rana et al., 2013). 

Additionally, bahiagrass can remove over 200 kg N ha-1 through its above-ground 

biomass (Mackowiak et al., 2008), under high N fertility, but values decline to about 30 

kg N ha-1 without N inputs (Santos et al., 2019). However, they also estimated that 8 to 

10 kg N ha-1 was contributed through biological N2 fixation (BNF). The amount of BNF 

associated with bahiagrass stands is not likely adequate to replace N losses due to 

sward mismanagement over the long-term, but it may partially offset N depletion 

problems, compared to using other perennial grass species as a monoculture. 

Rhizoma Peanut 

Physiology 

Rhizoma peanut, Arachis glabrata Benth., is a warm-season, perennial legume 

native to several subtropical regions in South America, particularly in areas also 

associated with bahiagrass. Like bahiagrass, rhizoma peanut can be grown on U.S. 

Southern Coastal Plain and sandier soils of Peninsular Florida (Sainju et al., 2006; 

Quesenberry et al., 2010). Once established, it survives under low fertility and minor 

periods of drought. There are few known pest or disease problems associated with this 

species. However, rhizoma peanut in the southern U.S. is infected with Peanut Stunt 
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Virus (PSV) (Cucumovirus sp), that has resulted in some yield decline in ‘Florigraze’ 

(Blount et al., 2002), but the virus appears to express itself in Florigraze more than in 

other cultivars. Overall, it has not been a major concern to producers. While rhizoma 

peanut appears similar to the annual peanut, Arachis hypogaea, A. glabrata is a 

perennial that produces few seed. Rhizoma peanut cultivars have been developed as 

ornamental groundcover and as forage. There are genotypic differences in canopy 

height, biomass, flowering, and shade tolerance (Anderson et al., 2015). Rhizoma 

peanut tends to accumulate more N in its leaves than stems. For example, rhizoma 

peanut grown in shade (lower leaf:stem ratio) had less nutritive value than rhizoma 

peanut grown in full sun (Johnson et al., 2002) and cultivars having greater leaf:stem 

ratios tended to also have greater crude protein (Mullenix et al., 2016). When mowed, 

the N tied up in the leaves and stems eventually becomes available to the surrounding 

plant community. 

Rhizoma peanut is established vegetatively from rhizomes that are often planted 

in February through June, although sometimes later plantings into September have 

been successful. Complete rhizoma peanut establishment has been reported to take 

two to three years, on average (Venuto et al., 2000). However, new herbicide 

registrations since 2000, has lessened establishment time to one season in some cases 

(Castillo et al., 2013). Like Argentine bahiagrass, rhizoma peanut goes into dormancy 

after the first fall frost or freeze and it will typically not re-emerge until spring (March in 

North Florida). Under warmer conditions, rhizoma peanut will remain green year-round, 

although growth will slow considerably. A monoculture of rhizoma peanut that has 

entered dormancy often results in some exposed soil, as leaves and stems are shed. 
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This makes its winter appearance somewhat unattractive and may allow for some soil 

loss through wind and water erosion during this period.  

Rhizoma Peanut Cultivars and Uses 

Rhizoma peanut has been grown as a forage in the southeastern U.S. over the 

past few decades and more recently, some cultivars are being used as ornamental 

groundcover. Each cultivar has distinct physical and compositional characteristics that 

determine how and where it will be used. The rhizoma peanut varieties most widely 

planted as forage have been ‘Florigraze’ and ‘Arbrook’ (Williams et al., 2017), although 

there are two more commercial cultivars available, ‘Peace’ and ‘Tito’ that are quickly 

gaining acceptance. Florigraze and Arbrook are more susceptible than Peace and Tito 

to visual symptoms of Peanut Stunt Virus (Quesenberry et al., 2010). Florigraze can 

produce between 10-12 Mg ha-1 of dry matter per year in Florida (Castillo et al., 2013), 

which is comparable to alfalfa in terms of crude protein content and digestibility (Castillo 

et al., 2013; Terrill et al., 1996). Foster et al. (2011) found that ensiled rhizoma peanut 

had 15.8% crude protein (dry matter basis), compared to bahiagrass at 10.9%. Crude 

protein content was found not to be greatly impacted by grazing, but it does vary 

somewhat by cultivar (Mullenix et al., 2016). 

‘Ecoturf’ and ‘Arblick’ are two cultivars most commonly planted in urban medians 

as ornamentals, due to prolific flowering and canopy height remaining low during the 

growing season (Prine et al., 2010). However, Ecoturf establishes more quickly than 

Arblick (Prine et al., 2010). More recently, Ecoturf and ‘Cowboy’ (another prolific 

flowering cultivar) have been planted as monocultures into Florida urban and highway 

medians, as attractive, low-input, vegetative cover.   
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CHAPTER 2 

THE ROLE OF BIOLOGICAL N2 FIXATION IN A SUSTAINABLE LANDSCAPE 

Nitrogen Cycle 

Dinitrogen gas makes up over 78% of the Earth’s atmosphere and approximately 

3.9 x 1015 metric tons of N, although there may be over 40 times more global N tied up 

in bedrock and other parts of the Earth’s crust (Havlin et al., 2014). Compared to the 

atmosphere, oceans hold approximately 2.4 x 1013 metric tons and soils a mere 4.5 x 

1011 metric tons (Havlin et al., 2014). Even though there is a vast abundance of 

atmospheric N2, most plants lack the ability to convert N2 to reactive N, such as plant 

available N4-N and NO3-N. 

There is a large capacity within the soil ecosystem to store and produce plant 

available N through different biological and chemical transformation processes. Much of 

the soil N comes from decomposed plants and animals converted into organic N forms. 

However, there are many weathered or poorly managed soils where most of the organic 

matter has been eroded away (wind or water) or mineralized into inorganic N forms that 

are also more susceptible to run-off and leaching losses. If N fertilizer is not added to 

the soil, many crops cannot meet their growth potential (N-limited). With an abundance 

of atmosphere N2, a plant capable of converting N2 through BNF has an advantage in 

an N-limited landscape. 

The N cycle (Fig. 2-1) involves fluxes of organic and inorganic forms of N that 

transfer between soil, bacteria, plant and atmosphere. Dead plant and animal material, 

or organic matter, is converted to NH4+ through ammonification by decomposers (Havlin 
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et al., 2014). Decomposers, such as fungi and bacteria (Stein and Klotz, 2016), are 

essential for breaking down the organic N into plant-available inorganic N. Ammonia-

oxidizing bacteria converts NH4-N to NO3-N via the nitrification process. More 

specifically, NH4+ is converted to NO2- by nitrosomonas bacterium, and then NO2- to 

NO3- by nitrobacter bacterium (Stein and Klotz, 2016). Both NH4+ and NO3- forms are 

taken up by the plant and this N can also be immobilized back into organic forms 

through microbial assimilation (Havlin et al., 2014). Nitrogen can leave the soil through 

1) uptake by the plant, 2) conversion to gaseous compounds NH3 via ammonification, or 

N2O and N2 volatilization by denitrifying bacteria through the process of denitrification 

(Stein and Klotz, 2016), and 3) leached as NO3-N through the soil profile or as run-off 

into groundwater or surface waters.  

Release of NH3, via ammonification, becomes more favorable, with increasing 

soil pH in the bulk soil (Brady and Weil, 2002) or microsites where conversions are 

taking place. Nitrous oxide (N2O) and nitric oxide (NO) are intermediates of 

denitrification. Whereas N2O is an important greenhouse gas, NO may contribute to 

ozone depletion and acid rain formation, via nitric acid (Stein and Klotz, 2016; Brady 

and Weil, 2002). Nitrogen can also be leached as NO3-N. Excessive rainfall or a poorly 

managed landscape leaches NO3-N through the soil profile due to its negative charge or 

as run-off into surface waters, resulting in groundwater pollution and eutrophication in 

water bodies. These consequences are especially detrimental when mineral N fertilizer 

is added in excess or is poorly managed in the environment. This is a growing concern. 

For example, according to one bibliometric study, publications addressing nitrate 

leaching increased by an average rate of 56% per decade from 1960-2017 (Padilla et 
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al., 2018). Additionally, historical N fertilizer use in the US rose quickly (from <0.3 to 9.8 

Tg N yr-1) from post WWII, through 2008, although the rate of increase (from 9.8 to 11.4 

Tg N yr-1) has slowed since 2008 (Cao et al., 2018). Utilizing more plants capable of 

BNF, such as legumes, could further reduce the need for soluble, mineral N fertilizer 

inputs (Reckling et al., 2016). 

 

Fig. 2-1. Example of a simplified Nitrogen Cycle (Pidwirny, 2006). 

 

Biological Dinitrogen Fixation (BNF) 

Biological dinitrogen fixation can be with free living bacteria or through symbiosis 

with soil bacteria, collectively called rhizobia. Bacteria that fix N2 are classified by the 
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means of where their energy derives: 1) heterotrophs rely on other organisms for 

synthesis and 2) autotrophs can produce energy from chemical reactions or light 

(Unkovich et al., 2008). Both classes are made up of free-living and symbiotic bacteria 

species. While most free-living BNF bacteria reside in the soil, some live in aquatic 

environments such as some cyanobacteria that enhance rice N nutrition grown in paddy 

soils (Havlin et al., 2014). Depending on soil conditions, heterotrophs can fix 

approximately 5 to 20 kg N ha -1 per year, while autotrophs can fix 20 to 30 kg N ha -1 

per year (Brady and Weil, 2002; Unkovich et al., 2008). Another free-living bacteria is 

associative, Azotobacter paspali, which was found to be permanently established in the 

rhizosphere of four tetraploid cultivars of Paspalum notatum (Hamdi, 1982). Free-living, 

non-symbiotic BNF bacteria may improve N nutrition in some grass species like 

Paspalum spp. and further studies are needed to better understand these relationships. 

The most commonly known symbiotic BNF associations are with legumes and 

some other angiosperms (Brady and Weil, 2002). In the case of rhizoma peanut, the 

development of root nodules containing the Bradyrhizobium spp bacteria (Elsayed et 

at., 2017) allows rhizoma peanut plant to fix atmospheric N2 in lieu of relying upon soil N 

fertility (Venuto et al., 2000). Rhizoma peanut is described as promiscuous due to its 

ability to form associations with different rhizobia species. However, BNF comes at a 

cost to the host plant, where energy is supplied to the bacteria in the form of carbon. It 

is estimated that 2 to 3 mg C per mg of N2 fixed in legume plants (Valentine et al., 

2011). 

The process of BNF begins with signaling and response between host plant and 

bacteria. The host plant’s roots release flavonoids into the soil surrounding the root, or 
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rhizosphere that attract the rhizobia to the root (Salisbury and Ross, 1992). These 

flavonoids activate nodulation genes within the rhizobium (Wasson et al., 2006). 

Leghemoglobin protein appears pink or red in the nodule, and it is produced to buffer O2 

concentrations in the nodules. Nitrogenase enzyme activity is greatest under a low O2 

environment (Salisbury and Ross, 1992). For this association to be symbiotic, the host 

plant provides energy in the form of carbohydrates to the bacteriods, and the bacteriods 

provide the plant NH4+ that was reduced from N2 by nitrogenase enzymes. 

The amount of BNF can vary among different leguminous species, and the 

various soil factors. For example, rhizobia tend to grow in a pH range of 5.5 to 7.5 

(Hamdi, 1982) with Bradyrhizobium associations tolerating more acidic conditions than 

Rhizobium (Brady and Weil, 2002). Soil pH will affect the presence or absence of 

certain essential nutrients or minerals. A lower soil pH can drive reactions, resulting in 

greater nutrient availability for plants and the rhizobia. However, a soil pH that is too low 

can solubilize some minerals, such as Al or Mn. Aluminum toxicity was found to weaken 

the interaction between the plant and rhizobia in lower pH soils (Artigas-Ramírez et al., 

2018).  

As with the animal kingdom, Fe, B and Cu are found to be essential to rhizobia 

and nodule development (Hamdi, 1982). Although required in small amounts, Mo is a 

major component of nitrogenase (Havlin et al., 2014; Khan et al., 2014), an enzyme 

required to help break N2 bonds. High levels of soil NO3-N can reduce nitrogenase 

activity, thereby, inhibiting BNF (Havlin et al., 2014). Plants will bypass energy intensive 

BNF, in exchange for soil inorganic N, which will eventually decrease rhizobia 

populations within a legume stand.  
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The amount of organic matter can either facilitate or hinder BNF. Organic matter 

retains carbon, nutrients and moisture in the soil. If there is little to no organic matter in 

highly weathered, sandy soils, nutrients may become scarce and BNF may decrease, 

along with a decrease of plant health. Organic matter also increases soil buffering from 

extremely acidic or basic conditions. Under acid stress, the presence of soil organic 

matter may also buffer against certain metals in the soil, such as aluminum, thereby 

protecting the plant and rhizobia from Al toxicity (Lawson et al., 1995). 

During cold dormancy, below-ground production does not cease. Rhizobia can 

develop and mature in a temperature range of 0-50˚C but a temperature of 20-28˚C was 

found to be optimal (Hamdi, 1982). In one study, the majority of the rhizobium strains 

from cowpea collected from the Sahel Savannah grew at 40˚C (Zahran, 1999). 

Lack of soil moisture affects BNF. When compared to shoot and root metabolism, 

rhizobia nodulation and fixation exhibited greater sensitivities to water stress (Zahran, 

1999). Soybean nodule numbers were shown to decrease with decreasing soil 

moisture, along with nodule size under extreme drought (Zahran, 1999). Water is 

required for nutrient transport of ions to the plant roots. Without nutrients, BNF 

decreases. Soil texture controls soil water holding capacity. Soils with a higher 

percentage of clay, such as Ultisols, have larger water holding capacities. Rhizobia 

have been found to have an increased number of root nodules in heavy textured soils, 

or soils with greater clay content (Al-Saedi et al., 2016). However, if the soils are too 

heavy or stay too saturated, rhizoma peanut may not perform as well as in more coarse 

soil types. Most soil types in Florida contain over 85% sand and therefore are attractive 

for rhizoma peanut production. 
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The Fate of Biological N2 Fixed N in Soil 

The potential amount of BNF among rhizoma peanut cultivars ranges from 120 to 

210 kg N ha-1 per year (Dubeux et al., 2017) and is similar to legumes such as alfalfa 

with a range of 50 to 300 lbs N acre-1 per year (Havlin et al., 2014). Neighboring soil 

organisms and plants can indirectly benefit from BNF legumes. As the host plant grows 

or during winter dormancy, leaves, roots and root nodules rich in N die or slough off and 

become newly added organic matter to the soil. Soil decomposers utilize the material 

and smaller N organic compounds are utilized by microorganisms and assimilated into 

microbial and fungal biomass. Eventually inorganic N is released and made available for 

neighboring plants, via mineralization. While this method of N transfer may be 

considered slow due to decomposition, etc., crop rotation systems that include legumes 

will often benefit from such a process (Reckling et al., 2016; Li et al., 2018).  

The roots of the rhizobia’s host plant can also transfer N through root exudates 

and it is found to be the more predominant mode of N transfer in younger leguminous 

species (Thilakarathna et al., 2016). Structure of a neighboring plant roots is important 

when optimizing N recovery from a legume, and when in competition with other plants. 

The depth and area of the host’s roots may become more important when soil moisture 

is less, since drier soil zones keep the N exudates immobile. Plants with fibrous roots, 

such as bahiagrass, compared to plants with one main taproot have been found to be 

more effective at capturing soil N that originated from the host’s roots (Thilakarathna et 

al., 2016).  
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Methods for Assessing Biological Dinitrogen Fixation in Soil 

Measuring the amount of N fixed in a system has proven to be difficult. Nitrogen 

transformations by microorganisms are occurring in the soil all the time regardless of 

the presence or absence of symbiotic BNF. The origination of the N isolated may not be 

known when taking simple N measurements. Different methods of assessing BNF in the 

soil brings challenges and some advantages and disadvantages. 

The Acetylene Assay method (Unkovich et al., 2008) is used to detect 

nitrogenase in a system which is the enzyme responsible for fixing N. Acetylene gas, in 

the presence on nitrogenase, is reduced to ethylene. Gas chromatography is used to 

measure ethylene, thus measuring nitrogenase activity. While this method is quick and 

does not require advanced technological machines, it only can measure the relative 

rates of nitrogenase activity and not the actual quantities (Unkovich et al., 2008) and 

samples to be measured are time limited. Another disadvantage is measuring a specific 

plant or section of root that is actively growing in the field with other plants and 

microorganisms. Since there are other free-living BNF bacteria in the soil, any unwanted 

soil particles not removed would be accounted for in the measurement and would be in 

error. This problem also has a chemical disadvantage as the shaking of the roots results 

in an increase in the oxygen diffusion resistance on the nodule (Minchin et al., 1986) 

and resulting in a decrease in nitrogenase activity. 

Another method for measuring BNF is by 15N stable isotope. This method uses a 

mass spectrometer to measure, through combustion, the differences in plant isotopic 

composition of N2 and plant-available soil N (Ledgard et al., 1985). Nitrogen has two 
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stable isotopes, 15N and 14N, with the latter being more abundant. In the atmosphere the 

two isotopes, 15N/14N, remain constant, allowing atmospheric N2 to be used as the 

standard for mass spectrometer analyses (He et al., 2009). Unlike the acetylene assay 

method, BNF through this method can be quantified and used in mixed plant species, 

(fixing and non-fixing), growing together in a field. Some challenges of this method are 

the expense of equipment and the preparation of the sample to analyze.  

There are two different ways to use the stable isotope method: 1) natural 

abundance and 2) dilution or labeling. For natural abundance, the N measured in the 

BNF plant represents both, N2 fixed from the atmosphere plus plant-available, soil 

mineral N. For this to work, the isotopic signatures of the atmosphere and soil need to 

be different enough to track source. Both applications require a reference plant that 

does not fix N2 and grown in the same medium, without any interaction with the BNF 

plant (Ledgard et al., 1985). With natural abundance, the reference plant is used to 

approximate the available soil N that the BNF plant may can take up (Peoples et al., 

2015). The challenge of this is to select a reference plant that has similar growth 

characteristics as the BNF species. Ideally, a non-BNF mutant of the BNF species is 

ideal but for many legume species, it does not exist. The natural abundance method 

can be used in a field where N2 fixers and non-fixers reside in proximity. While this is an 

advantage, only measuring plant shoots instead of the whole plant results in isotopic 

fractionation (shoot δ15N values trend lower than atmospheric N2 and other plant parts). 

This is addressed by measuring δ15N taken from the BNF legume grown under no soil N 

or B-value (Unkovich et al., 2008; Peoples et al., 2015). The B-value is subtracted from 

the δ15N of the reference plant.  
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The 15N dilution or labeling application follows the same principles as the natural 

abundance method in terms of reference plant and BNF plant, but an equal amount of 

15N labeled fertilizer is applied to the surface of the soil of both plants. By spiking the 

soil, there is no need to account for the isotopic fractionation (B value) because the 

amount of 15N label is much greater than the natural variation in 15N (Peoples et al., 

2015). Because the reference plant is acting as the value of the soil N for the BNF plant, 

soil conditions (water and temperature) should be kept similar among the plants. 

Assessment of 15N Natural Abundance and Dilution Techniques on Planted 

Bahiagrass and Rhizoma Peanut 

The 15N natural abundance method for assessing BNF requires no plant 

manipulation until it is time to harvest the tissue of interest. However, there are potential 

limitations to its usefulness. It is difficult to account for all the factors affecting 15N:14N 

ratios in plants, which include soil, environmental, BNF community composition and 

abundance, and mycorrhizal influences, to name a few (Craine et al., 2015). Legumes 

using BNF will often have δ15N signatures similar to atmosphere values (δ15N = 0), and 

they are typically less enriched than plants that do not rely on BNF. However, if the soil 

δ15N signature is not significantly different, it becomes more difficult to distinguish 

between plants with BNF and those without (Unkovich and Pate, 2001). In those 

situations, 15N enrichment might be an option. 

Rhizoma peanut and bahiagrass were grown in soils from two Florida locations in 

the greenhouse in order to determine if either 15N natural abundance or 15N dilution 
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techniques were applicable in assessing symbiotic BNF in rhizoma peanut and possible 

associative BNF in bahiagrass.  

Materials and Methods 

Experimental design and columns 

The experiment was designed to collect soil and plant plugs (rhizoma peanut and 

bahiagrass) from two different plot locations having different soil types for assessing 

potential BNF based upon tissue natural abundance 15N and 15N dilution techniques. 

Since there are reports of potential associative BNF with P. notatum, pearlmillet 

Pennisetum glaucum L. ‘Tif-leaf’ was also included as a species without BNF (Lee et al., 

1994). The experiment was a randomized complete block design and 2 x 6 factorial (2 

soil types, 6 plant types) with 3 replications. Two cultivars of rhizoma peanut, Arachis 

glabrata Benth, Ecoturf and experimental ‘Quincy 6B’ rhizoma peanut and two cultivars 

of bahiagrass, Paspalum notatum Flüggé, Argentine and experimental ‘Dwarf F9’ were 

tested as monoculture plantings in the same soils where they originated. Millet seed 

was planted in both soil types. 

Plastic (PVC) columns, 60 cm height and 15 cm diameter were used. Each 

contained a PVC cap and drain valve at the bottom of the column for controlling 

drainage. The bottom 30 cm of the column was filled with rinsed play sand to maintain 

good drainage and to reduce the amount of test soil required to fill each column. The 

soil for each column was packed into a 15-cm diameter x 30 cm deep plastic liner that 

fitted the inside of the column, on top of the sand layer. Slits were cut through the 

bottom of the liner to allow for drainage. 
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Soil and plant preparation 

Soil from each location (0 to 30 cm depth) was collected, air-dried, and passed 

through a 2 mm sieve. North Florida Research and Education Center (NFREC) 

(30.5496, -84.6001) soil was characterized as Loamy, kaolinitic, thermic, Arenic Plinthic 

kandiudult, Fuquay series (Soil Survey Staff, 2016). Gulf Coast Research and 

Education Center (GCREC) (27.7610, -82.2236) soil was characterized as Sandy, 

siliceous, hyperthermic Oxyaquic Alorthod, Zolfo series (Soil Survey Staff, 2016). Soil 

characteristics are given in Table 2-1. 

Table 2-1. Mehlich 3 extractable nutrients from soils sampled at two Florida 
locations. 

Parameter NFREC GCREC 
   
pH 6.1 5.2 
 -----------mg kg-1------------ 
Total Kjeldahl N 247 242 
P   39 113 
K 109     8 
Mg    55   10 
Ca 284 130 
S     7   37 
   
B        0.7        1.2 
Zn        6.4        1.9 
Mn   98        1.7 
Fe 171   34 
Cu        1.5         2.9 

 

Argentine and experimental Dwarf F-9 bahiagrass and Ecoturf and experimental 

Quincy 6B rhizoma peanut plant plugs (15 cm diameter x 10 cm deep) were removed, 

with a golf hole cutting device from field plots at both locations. Each plant was planted 

in its corresponding soil of origin. Millet was sown at 10 seeds per column. After the 
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millet plants reached approximately five to six centimeters in height, extra plants were 

removed, leaving five plants of roughly equal size per column. After the initial transplant, 

deionized water was used to water columns during the study period. Any emerging 

weeds were removed with tweezers to not disturb the soil in the columns. No additional 

nutrients were applied to the soils to better mimic field growing conditions under Florida 

Department of Transportation (FDOT) management. 

15N natural abundance sampling 

Above-ground biomass was harvested 27 April 2015 and again, 28 July 2015, 

prior to spiking with 15N. Only the 28 July 2015 biomass was tested for natural 

abundance 15N. In each case, rhizoma peanut and bahiagrass treatments were clipped 

to a 7.6 cm stubble height. The millet was clipped just above the first visible node, 

leaving a somewhat taller stubble height. Plant samples were dried at 50oC. After 

drying, the samples were weighed for dry mass and tissue milled to pass through a 2 

mm sieve. Dried samples were stored in plastic bags, in the dark, under ambient 

(laboratory) temperature conditions. The prepared samples were ball milled, using a 

Retsch Mixer Mill MM400 (Verder Scientific, Haan, Germany) at 25 Hz for 9 min. 

Samples were then analyzed for total N using a CHNS analyzer through the Dumas dry 

combustion method using an Elementar Vario Micro Cube (Elementar Americas Inc., 

Ronkonkoma, NY) coupled to an IsoPrime 100 isotope ratio mass spectrometer 

(Isoprime Ltd., Cheadle, UK). The proportion of plant N derived from the atmosphere 

(%Ndfa) was estimated using the equation described by Shearer and Kohl (1986): 

%𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝛿𝛿15𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝛿𝛿15𝑁𝑁𝑁𝑁2−𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 𝑙𝑙𝑟𝑟𝑓𝑓𝑙𝑙𝑙𝑙𝑟𝑟

𝛿𝛿15𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐵𝐵 � ∗ 100 
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Where δ15Nreference is the δ15N value for the non-BNF millet, δ15NN2-fixing legume is the δ15N 

value for the symbiotic BNF rhizoma peanut and presumed, associative BNF 

bahiagrass in this study, and B is the value determined when growing Ecoturf (B = 

-0.46), Quincy 6B (B = -0.01) Argentine (B = -1.54), and Dwarf F-9 (B = -0.46), in N-free, 

sand culture at NFREC-Quincy, 2015. 

15N dilution test 

On 30 July 2015, 10 mL of a tracer ammonium Ammonium-15N2 sulfate (10 

atom% excess 15N) (Sigma-Aldrich, St. Louis, MO) solution was added to each column, 

carefully avoiding plant tissue. Following application, 200mL of deionized water was 

applied to move the tracer beneath the soil surface. On 06 September 2015 through 13 

September 2015, deionized water was added to each column to collect 1.5 pore volume 

of leachate. The final harvest was performed on 14 September 2015. The aboveground 

biomass from each column was removed at the soil surface and weighed for fresh 

mass. The plastic liner was then slipped out of each column in order to sample soil and 

roots. A few roots had grown through the slits in the plastic liner and into the sand in the 

lower half of the column. The roots within the liner were rinsed with deionized water to 

remove adhered soil and dried at 50oC for at least one week. After drying, the above- 

and below-ground tissue samples were weighed for dry mass and processed, as 

described under the natural abundance section for 15N analysis. The proportion of plant 

N derived from the atmosphere (%Ndfa) was estimated using the equation described by 

Boddey et al. (1983): 

%𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �1 −
𝛿𝛿15𝑁𝑁𝑁𝑁2−𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓 𝑙𝑙𝑟𝑟𝑓𝑓𝑙𝑙𝑙𝑙𝑟𝑟

𝛿𝛿15𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� ∗ 100 
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Data was analyzed using Proc Mixed from SAS 9.4 (SAS Inst., 2009). Fixed 

effect was Treatment. Block and interaction of block x treatment were considered 

random effects. The LSMEANS were compared using the PDIFF procedure adjusted for 

Tukey’s test. Differences were significant at P ≤ 0.05. 

Results and Discussion 

NFREC soil natural abundance δ15N was 1.75 ±0.71 prior to use. The GCREC 

soil was not measured but it is reasonable to expect that values were similar, based on 

planted column results. This will be verified at a later date. 

 

Fig. 2-2. Planted columns on 05 Aug 2015. This study was part of a larger test that 
included grasses receiving additional N fertilization. 
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The lightly fertilized millet was used as a reference plant for both, the bahiagrass 

and rhizoma peanut. The natural abundance method was tested on plant shoot tissue 

clippings taken in July. Shoot tissue δ15N(%o) were below 1 in all cases (Tables 2-2 and 

2-3), with the Ultisol soil expressing all negative values. Natural abundance %Ndfa 

ranged from -89 to over 200% of total N uptake under Ultisols, and yet they were not 

significantly different, thereby the data demonstrating large variability. In comparison, 

the values for GCREC were somewhat closer to what was expected; low %Ndfa for the 

grasses and high for the rhizoma peanut cultivars (Table 2-3). Although natural 

abundance is an attractive option for testing many plant systems for BNF, it seemed to 

result in inconsistencies and questionable results in our system, especially with the 

Ultisol soil from NFREC (Tables 2-2 and 2-3). 

Table 2-2. 15N isotopic tracking of potential BNF of test plants grown in an Ultisol 
soil. 

Forage Natural abundance Tracer (tops) Tracer (roots) 

 δ15N(%o) %Ndfa δ15N(%o) %Ndfa δ15N(%o) %Ndfa 

Argentine -0.45   25 b 1615 a 21 b 911 a 37 b 
Dwarf F-9 -0.24   40 b 1509 a 26 b 864 a 40 b 
Ecoturf -0.65 282 a   545 b 73 a 139 b 90 a 
Quincy 6B -0.66 -89 b   663 b 67 a 160 b 89 a 
       

Significance ns P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
 
 

In comparison, the tracer (dilution method) provided data with much lower 

variability and results more consistent within a plant species. Unfortunately, the 

enrichment appears up to 2 times greater than expected. It is unclear where the error 

originated. Similar concentrations of 15N applied to field microplots resulted in high shoot 
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values, as great as 50 to 80 δ15N(%o) (Cookson et al., 1990). Regardless, total tissue N 

was excessively low, at 0.48 ± 0.08 %N for NFREC grasses pre 15N application and 

0.53 ± 0.09 %N at final harvest. The GCREC grasses were similarly low, at 0.45 ± 0.03 

%N pre and 0.55 ± 0.03 %N at final harvest. This equates to roughly 3% crude protein. 

It is unclear why plant tissue N was excessively low, particularly since they 

demonstrated good color and reasonable growth. In comparison, the rhizoma peanut 

had values of 2.05 to 2.33 ± 0.22 % N across soil types and cultivars. 

Table 2-3. 15N isotopic tracking of potential BNF of test plants grown in a 
Spodosol soil. 

Forage Natural abundance Tracer (shoot) Tracer (root) 

 δ15N(%o) %Ndfa δ15N(%o) %Ndfa δ15N(%o) %Ndfa 

Argentine  0.23 b    3 c 1652 a 29 b   953 a 51 b 

Dwarf F-9  0.85 a    9 c 1741 a 25 b 1081 a 44 b 

Ecoturf -0.68 c 118 b   736 b 68 a   217 b 89 a 

Quincy 6B -0.79 c 197 a   680 b 71 a   220 b 89 a 
       

Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
 

Although δ15N(%o) reported high, it resulted in a large difference in values 

between bahiagrass versus rhizoma peanut (Tables 2-2 and 2-3). These results 

suggest that rhizoma peanut in this study gained approximately 70% of its N from BNF. 

This is consistent with what others in Florida have reported from field sites. For 

example, Dubeux et al. (2017) reported that several rhizoma peanut cultivars in the field 

had %Ndfa of over 60%, with Ecoturf ranging between approximately 75 to 90 %Ndfa, 

depending upon harvest month and year. In comparison, Santos et al. (2018) reported 
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field Quincy 6B and Ecoturf values of approximately 60 to 65 %Ndfa. It is interesting to 

note that when using the millet as a reference plant, we found both bahiagrass cultivars 

relied on roughly 25% of their N to be derived from associative BNF (Tables 2-2 and 2-

3). Boddey et al. (1983) reported low BNF associated with P. notatum ‘Batatais’ (%Ndfa 

of 8 to 25%) when grown in concrete containers outdoors. However, they found no such 

response with ‘Pensacola’. Root tissue %Ndfa was also calculated in our study, and the 

relative response was similar to the shoots but %Ndfa shifted higher, suggesting even 

more activity associated with the roots and perhaps rhizomes. Both, bahiagrass and 

rhizoma peanut have prominent rhizomes. Microorganisms (bacteria and fungi) have 

been found associated with rhizoma peanut and bahiagrass that may contribute to N 

nutrient cycling (Beule et al., 2019). Further investigations into these relationships may 

help improve sustainable grass-based systems. 
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CHAPTER 3 

INCORPORATING LEGUMES INTO GRASSLANDS 

Implications for Wildlife 

Soil N from BNF can support neighboring grasses lacking the capacity for BNF 

(Louarn et al., 2015; Trannin et al., 2000; Vinther and Jensen, 2000). In general, this 

increases stand nutritive quality over grasses alone, making it more attractive to wildlife, 

such as deer. Through foraging, urine and dung excretions recycle N and other 

nutrients back into the system. The nutrient recycling might benefit both, legumes and 

grasses. In grassland pastures, an increase frequency of application of cattle urine 

increased the bahiagrass dry matter from 3,040 kg ha-1 with no urine application to 

4,820 kg ha-1 of three applications one year (White-Leech et al., 2013). However, 

attracting deer or other large wildlife too near roadways is potentially dangerous to both, 

animal and driver. Knowing the potential for increased wildlife/vehicle traffic interactions, 

it has not deterred several Florida cities, including Orlando and Tallahassee from 

increasing rhizoma peanut monoculture plantings into city medians. Florida Department 

of Transportation has also installed some center median plantings along major 

highways, but there have not yet been large-scale plantings of rhizoma peanut into 

bahiagrass. 

A north Florida pasture study containing legume/grass mixes, including rhizoma 

peanut, were shown to attract at least 13 different bee species (Dubeux et al., 2018). 

Rhizoma peanut is suspected of attracting pollinators, although it rarely produces seed. 
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One theory of low seed production is due to temperature. As ambient temperatures 

increased, pollen germination tended to decline (Niles and Quesenberry, 1992). 

Implications for Pests and Diseases 

Diseases and pests are attracted to legumes as monocultures or in grasses, and 

the effects may be additive. For example, potato leafhopper infesting alfalfa plants can 

stunt growth and make the plant more susceptible to other disease pressures, such as 

Fusarium wilt, caused by the fungus Fusarium oxysporum f. sp. Medicaginis (Faris et 

al., 1981; Ariss et al., 2007). Alfalfa that showed resistance to potato leafhopper feeding 

and Fusarium wilt had a 66-85% higher plant survival rate (Ariss et al., 2007). Legumes 

under attack often reduces BNF production and therefore, N contributions to the sward. 

Rhizoma peanut is noted for low susceptibility to most pests and diseases. However, it 

is susceptible to a peanut stunt virus (PSV), genus Cucumovirus (Blount et al., 2002). 

The most commonly grown cultivars are typically infected but often do not display 

symptoms. Being a stunting virus, there is concern that infection might reduce yields in 

hay or grazing systems. Florigraze tends to display mottling and malformed leaves 

under more challenging environments (Baker et al., 1999). Although Florigraze is 

compatible with bahiagrass, PSV-related symptoms may be a factor in limiting its 

growth, thereby making Florigraze a less likely choice for rights-of-way plantings.  

Longevity of Legume/grass Mixtures 

The longevity of individual plant species within a mixed sward depends upon 

competition for light, water and nutrients. Legumes have been shown to increase soil C 
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and N pools, as is the case with rhizoma peanut (Sainju et al., 2006). The grass 

component of the sward might benefit from the rhizoma peanut soil N pool. However, if 

the grass outcompetes the legume, then as the legume component recedes, the grass 

component will have to rely on other sources of soil N. 

Plants that are highly competitive for water or nutrients, within similar spatial 

regions of the soil profile, may disadvantage one plant species over another. For 

example, there was greater competition for water and N between citrus and 

bermudagrass than between citrus and rhizoma peanut (Linares et al., 2010). However, 

there also may be cultivar options within a plant species that might make a multi-

species planting more compatible. 

Legume-grass systems have differed in their compatibility and longevity. In a 

three-year study, the percent of alfalfa dry matter from a mixed alfalfa-bermudagrass 

sward increased from 20.8% to 66.3%, averaging 50% (Cinar and Hatipoglu. 2014). In 

comparison, the percent of alfalfa in Rhodes grass (Chloris gayana Kunth.) increased 

drastically in the first year, then decreased slightly in the third year, resulting in an 

average of 34.3% alfalfa over three years. While alfalfa demonstrates an increase in 

species composition in perennial grass during the initial establishment year, the 

likelihood of it remaining stable over the longer term is less likely (Springer et al., 2007).  

The amount of N fixed in white clover/grass mixtures has been estimated as 50 

to 680 kg N ha-1 per year (Wu and McGechan, 2001). Establishment time, species 

cultivar, and soil characteristics are likely factors in the large range in BNF. Jakubowski 

et al., (2017) reported red clover planted into a warm-season grass increased sward 

biomass yields to an equivalency of 112 kg N ha-1 fertilization. Tessema and Baars 
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(2006) established white clover into two tropical grasses, Chloris and Panicum. The 

yields of mixed plantings were found to be similar to those of grass monocultures over 

the first two years. However, by the third year the mixtures exceeded grass 

monocultures receiving annual applications of 50 kg ha-1 N. Stand longevity studies 

using rhizoma peanut/grass mixtures are unknown but there have been reports from 

established, mixed stands. For example, Santos et al. (2018) reported that 4-year-old, 

established rhizoma peanut/bahiagrass mixtures produced similar dry matter yields as 

grass monocultures receiving 90 kg N ha-1 in the first treatment year. However, in the 

second treatment year, the Argentine bahiagrass monoculture nearly doubled its yield 

compared to rhizoma peanut/grass mixtures. The increased bahiagrass production 

upon N fertilization suggests that bahiagrass may outcompete and reduce rhizoma 

peanut stands when there is adequate soil N fertility. 

Rhizoma Peanut Establishment into Grasses 

Although N fertilizer can often promote both, grass and legume growth, N 

applications during establishment may also fertilize the weeds. Minimizing weed 

competition with establishing rhizoma peanut as a monoculture or planted into 

bahiagrass swards, is challenging. There was lower weed frequency in Ecoturf rhizoma 

peanut plots than with other rhizoma peanut cultivars when planted into bermudagrass, 

which was due to its more rapid initial growth, but ‘UF Tito’ had fewer weeds by the 

second year of establishment (Mullenix et al., 2016). Weed control was more important 

than seed-bed preparation method for strip-planting rhizoma peanut into bahiagrass 

(Castillo et al., 2015). Planting into glyphosate-killed bahiagrass and managing with 
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imazapic after rhizoma peanut emergence was an effective establishment practice. 

Castillo et al. (2015) reported a higher rate of rhizoma peanut sprout emergence in land 

that was tilled versus untilled. However, this type of land preparation requires large 

equipment that also will have limited maneuverability in small areas.  

Establishment success also depends on planting date. The dormant period 

(January through March), resulted in nearly twice as many Florigraze sprouts per 

square meter compared to a summer planting (Williams, 1993). Mullenix et al. (2014) 

reported that at the end of the first growing season, Florigraze and Ecoturf rhizoma 

peanut produced greater coverage (30%) in the establishment year compared with 

other cultivars. The more decumbent growth habit of Ecoturf also protected it from 

intensive grazing/cutting. Hernandez-Garay et al. (2004) reported that established 

Florigraze in grass pastures persisted well under grazing pressure. However, Castillo et 

al. (2015) reported that intensive grazing or cutting of rhizoma peanut in a mixed 

bahiagrass sward may decrease rhizoma peanut canopy cover during establishment 

and over subsequent seasons.  

Rhizoma Peanut-Bahiagrass Mixtures without N Inputs 

Unlike a pasture or hay field, bahiagrass is intentionally not fertilized on Florida 

rights-of-way, due to costly fertilization and potentially extra mowing, along with 

concerns over increasing nutrient loss to the environment. There are few reports on the 

productivity of unfertilized, mixed rhizoma peanut/bahiagrass plantings. Jaramillo et al. 

(2018) reported Ecoturf–bahiagrass mixed plantings resulted in greater herbage 

accumulation than that of unfertilized ‘Pensacola’ bahiagrass, 4,160 and 2,710 kg ha−1, 
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respectively. In order to further assess the comparative performance and N fate of 

rhizoma peanut/bahiagrass mixtures for use as plantings for Florida rights-of-way, 

combinations of rhizoma peanut and bahiagrass cultivars were tested in plots at two 

Florida locations having different soil types. 

The objective was to assess the compatibility of established rhizoma peanut 

grown with bahiagrass through 1) yield measurements, 2) determination of BNF using 

15N natural abundance, and 3) tracking soil pore water inorganic N.  

Materials and Methods 

Field design and locations 

Field plots were established in 2011 through 2012 at North Florida Research and 

Education Center (NFREC), Quincy, FL and Gulf Coast Research and Education Center 

(GCREC), Wimauma, FL. Site location and soil descriptions are given in Chapter 2 (Fig. 

3-1). Plots consisted of plant treatments with 3 replications (24 plots at 0.93 m2 each). 

Alleys, (1.23 m wide), covered by black, plastic weed cloth, isolated each plot. 

Treatments were arranged in a randomized complete block design and consisted of 1) 

Argentine (ARG) monoculture, 2) experimental Dwarf F-9 (DF9) monoculture, 3) Ecoturf 

(ECO) monoculture, 4) experimental Quincy 6B (Q6b), 5) ARG/ECO, 6) ARG/Q6b, 7) 

DF9/ECO, and 8) DF9/Q6b. Argentine bahiagrass is commonly used in pastures and as 

utility turf in the southeastern United States, while DF9 was selected for its short canopy 

height and dense sward. The shorter canopy and seed head height makes it a 

potentially attractive alternative to Argentine, which is currently the preferred cultivar by 

FDOT. Ecoturf is characterized as more low-growing than the other commercially 



38 
 

available rhizoma peanut options. The Q6B selection demonstrates resilience and 

competitive growth against common bermudagrass. It is also being considered for 

mixed pasture plantings. 

 
Fig. 3-1. Field plots at NFREC and GCREC, 2014. 

Field measurements 

Porous cup lysimeters (one per plot) were installed in 2012, at both locations, at 

90 cm depth. A vacuum was set on each lysimeter 48 hours prior to sample collection, 

and samples were collected approximately every three weeks. Each sample was 

measured for the total volume of soil pore water collected, filtered through qualitative 

filter paper, Fisher Q2 (Fisher Scientific, Waltham, MA) and then frozen until analysis. 

Inorganic N (NH4-N and NO3-N) were measured using the gas diffusion/conductivity 

method (model TL200, Timberline Instruments, Boulder, CO) and reported here as 

inorganic N. 

Soil moisture was measured using a dielectric moisture sensor probe (AquaPro. 

Ducor, CA). Initial calibration of the probe was necessary to establish 0% (air) and 

100% (water) moisture. Marks along the length of the probe allowed measurements at 



39 
 

different depths when inserted into the polypropylene access tube (1 access tube per 

plot at NFREC only). Soil moisture was measured at 15, 22.5, 30, 45, 60, and 75 cm. 

Soil moisture was collected weekly from May 2013 to October 2014. 

Sampling  

A soil probe was used to collect initial samples (0 to 15 cm depth), as a 

composite (24 subsamples per composite) from each block. Soils were air-dried, 

passed through a 2 mm sieve and sent to a commercial lab (Waters Agricultural 

Laboratories, Camille GA) for M-3 extractable plant nutrients and pH (Table 2-1). Above 

ground biomass was collected in 2012, 2013 and 2014 at NFREC and in 2014 at 

GCREC. Only the 2014 data will be presented. Plots were harvested by hand within a 

0.24 m2 harvest square, at a 7.62 cm stubble height. All plots were mulched mowed 

after harvest, leaving the mulched clippings on the respective plots. Vegetation from 

mixed species plots were separated by hand into bahiagrass and rhizoma peanut 

components before sample fresh mass was recorded. Plant tissue samples were dried 

at 50oC, then dry mass recorded. Tissue samples were milled to pass through a 2-mm 

sieve. Subsamples were ball milled, analyzed for C, N and 15N, and Ndfa calculated, as 

described in Chapter 2 (Materials and Methods). 

Data was analyzed using Proc Mixed from SAS 9.4 (SAS Inst., 2009). Fixed 

effect was Treatment. Block and interaction of block x treatment were considered 

random effects. The LSMEANS were compared using the PDIFF procedure adjusted for 

Tukey’s test. Differences were significant at P ≤ 0.05. 
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Results and Discussion 

Biomass and 15N natural abundance 

In 2014, yields were greatest for rhizoma peanut at both locations, at 

approximately 3,000 kg ha-1 (Figs. 3-2 a, b). Grass as monocultures or as grass/RP 

mixtures yielded about 50% less biomass. It is interesting to note that the RP provided 

no yield benefit over the grass monocultures at NFREC. In comparison, the mixtures at 

GCREC improved stand yield over grass monocultures (Fig. 3-2 b). Grass monocultures 

at GCREC were half the mass compared to the mixtures and grass treatments at 

NFREC. The percent RP biomass in mixed plantings were similar across treatments 

within each location. However, values averaged 30% rhizoma peanut at NFREC, 

compared with over 50% at GCREC. The RP at GCREC was visually appealing, while 

the grass looked N-stressed, lacking color and growth, particularly in the monoculture 

plots (Fig. 3-1). 

In terms of BNF, the grass component (monocultures and mixed plantings) 

resulted in similarly low values (< 7 kg N ha-1) at both locations (Fig. 3-3). As mentioned 

above, if the grass treatments had associative BNF, it was not contributing much N to 

the production. In comparison, BNF in the RP was over 65%, on average, resulting in N 

contributions of over 40 kg N ha-1 at NFREC and over 60 kg N ha-1 at GCREC (Figs. 3-3 

c and d). Rhizoma peanut in mixtures and monocultures contributed similar BNF. The N 

contributions of monoculture ECO and Q6B were 41 and 42 kg N ha-1 harvest-1 

respectively, and that of Santos et al. (2018) using the same plots, were comparable at 

44 kg N ha-1 each. In comparison, Dubeux et al. (2017) reported in June 2014 that 
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Ecoturf BNF contributed near 50 kg N ha-1 at a field study at NFREC, Marianna 

(30.8500, -85.1876). Only ‘UF Peace’ and ‘UF Tito’ contributed more. They did not test 

Q6B. 

 

Fig. 3-2.  Above-ground dry biomass from (a) NFREC and (b) GCREC, along with, 
percent rhizoma peanut in mixed plots collected at (c) NFREC and (d) GCREC. 
Each treatment represents the mean of three replicates. Bars sharing the same 
letter are not significantly different at α=0.05. 

Soil δ15N(%o) was 3.0 at NFREC and 3.7 at GCREC. These are somewhat low 

values and may suggest that using the 15N natural abundance method for these tissues 

might add introduce some error into discriminating between legumes and grasses in 

some of our test soils. 
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Soil pore water N and soil moisture 

Soil pore inorganic N was nearly always below 1 ppm through 2014. Values 

trended slightly higher at NFREC than GCREC but still below 1 ppm. At NFREC, RP, 

Q6B monoculture inorganic N averaged (0.17 ppm) ECO monoculture (0.10 ppm), and 

ARG and DF9 monocultures (0.8 ppm). These values fall well below values reported for 

agronomic systems relying on N inputs, including hay fields and pastures. For example, 

Woodard and Sollenberger (2011) reported lysimeter collection values of 9 and 98 ppm 

when bermudagrass hay fields were fertilized at either 126 or 168 kg N ha-1. 

  

Fig. 3-4. Estimated fixed N (kg ha-1) using 15N natural abundance. The bahiagrass 
monoculture and bahiagrass component of mixed plots at (a) NFREC and (b) 
GCREC. Rhizoma peanut monoculture and component of mixed plots at (c) 
NFREC and (d) GCREC. Each treatment represents the mean of three replicates. 
Bars sharing the same letter are not significantly different at α=0.05. 
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The soil moisture measurements varied over the season, along with rainfall. In 

order to identify potential differences among cultivars, tracking drier periods helps 

delineate potential differences in water demand among treatments. October was a time 

of relatively low soil moisture in 2013. Soil moisture on 18 Oct resulted in ARG-Q6B and 

ARG-ECO demonstrating less soil moisture across depths, compared to Ecoturf 

monoculture (Fig. 3-4). Deeper and more extensive roots are able to capture water and 

sometimes nutrients at lower depths, since soil moisture typically increases with soil 

depth. For example, on 18 Oct, the NFREC plots, had significantly drier (16 to 20%) 

surface soil through 30 cm depth, while 60 to 76 cm depths held the most moisture (> 

30%). Selecting plants with deeper root systems can benefit production. For example, 

grain yield in wheat crops benefitted from deeper rooting systems (Wood et al., 2012). 

 
Fig. 3-4. Integrated soil moisture (percent of saturation: 50%) across depths from 
surface to 77 cm. Bars sharing the same letter are not significantly different at 
α=0.05. 

Biomass and yield responses can vary by year and location. Developing multiple 

location trials allows for a better understanding of the range of responses within a test 

0

5

10

15

20

25

30

35

(S
oi

l p
er

ce
nt

 m
oi

st
ur

e)

ab b b
ab ab

ab
ab

a



44 
 

crop or production system. This may help increase the knowledge of a plant’s response 

to both, planned and unplanned conditions or events. For example, the mixed planting 

study results demonstrated some response differences between GCREC and NFREC. 

The grass production was much more limited at GCREC, and it appeared to be related 

to plant available N differences between the two locations. This was an unexpected 

result since soil TKN values were similarly low. These results reinforces the need to 

better understand reactive soil N and its impact on mixed legume/grass systems. At the 

same time, choosing only two locations may present too many dissimilar variables that 

are difficult to track or to be able to adequately interpret response differences from. 

Careful planning of treatments and the use of an appropriate experimental design 

makes it easier to address the hypothesis, while maybe also expanding our inquiry 

beyond what had originally been considered. 
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CHAPTER 4 

RECOMMENDATIONS FOR USING RHIZOMA PEANUT IN RIGHTS-OF-WAY 

Bahiagrass is one of the most common grasses found in Florida rights-of-way. It 

is a relatively inexpensive and low-maintenance plant that can provide erosion 

protection, while at the same time be an aesthetically pleasing groundcover. Lack of 

maintenance fertilization, aggressive mowing practices, and periodic disease pressure, 

are potential stresses that can decrease bahiagrass stand health and coverage. 

Declining stands open the soil surface to greater weed pressure and sloped land 

becomes more susceptible to erosion. Additionally, road maintenance budgets may 

benefit with groundcovers that require less frequent mowing.  

Rhizoma peanut is a warm-season, perennial legume that is capable of BNF, and 

therefore, it is not reliant on N fertilizer inputs. It also originated from the same South 

American regions as bahiagrass, where the two species successfully co-exist. 

Incorporating rhizoma peanut into bahiagrass may provide the bahiagrass with a source 

of N through leaf litter, rhizome, root and nodule turn-over in the soil. The potential for 

disease caused stand decline in groundcovers of mixed species plantings is often less 

than in a bahiagrass monoculture. In general, the data and reports support the use of 

rhizoma peanut and bahiagrass in mixed stands, but good establishment and 

management practices are required.   
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Checklist for Establishing Rhizoma Peanut in Rights-of-way 

Site Selection 

Learning the soil type prior to planting is important for successfully establishing 

rhizoma peanut into bahiagrass. Florida soils (ultisols, spodosols, and entisols) are 

adequate for rhizoma peanut, except when the water table is near the soil surface, as is 

sometimes the case with certain spodosols. Additionally, rhizoma peanut is not a good 

option for areas prone to flooding, such as storm drainage or swales/ditches that are 

designed to collect or move water. Heavier ultisols, depending upon their land-use 

history, may have suitable fertility to support establishment without further amendments. 

Soil testing the potential site is recommended to address fertility and general suitability.  

Site preparation is required, particularly when planting into an existing bahiagrass 

sod. To minimize competition with weeds and existing bahiagrass, consider using a 

non-selective herbicide, such as glyphosate. There are rules and regulations on 

herbicide selection and use for rhizoma peanut (Sellers and Ferrell, 2018). Pre-plant 

herbicide applications should be applied one to two weeks in advance to allow for better 

weed suppression and minimize the chance for residual activity that may harm the 

rhizoma peanut. Tilling or breaking the soil surface right before planting, if cost and 

location permit, is advantageous for faster establishment. 

Planting  

There are a few commercially available rhizoma peanut cultivars to choose from; 

however, Ecoturf has been quite successful in experimental establishment trials and 

propagation material is commercially available. Ecoturf combined with the experimental 
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dwarf F9 bahiagrass tended to remove less water from the soil profile at a Quincy, FL 

trial. This might be an attractive plant mixture if further research supports initial 

observations. Additionally, the dwarf bahiagrass will require less mowing maintenance. 

For now, most of Florida’s rights-of-way are planted in Argentine bahiagrass. 

Rhizoma peanut planting material may be as rhizomes, plugs or sod. Each have 

advantages and disadvantages, and they may differ in terms of success, depending on 

the size and type of proposed planting area. Rhizome planting is the least expensive 

approach, especially for covering large areas. Rhizomes are typically planted in rows, 

approximately two inches beneath the soil surface. Rhizomes planted by this method 

with farm-scale equipment, is often limited to more level land, opposed to steep 

inclines/slopes. Heavy rains after planting may erode the slope, uncovering or washing 

away the rhizomes, thereby increasing the risk of poor coverage and lost rhizomes, 

unless preventative measures (netting, mulch, etc.) are taken. Vegetative plugs may be 

a better choice for steep slopes. While more expensive than rhizomes, whole plants 

may be used. If soil moisture is adequate and temperatures are moderate, the plugs 

establish more quickly than rhizomes. However, there will be bare patches between 

plants for most of the first season, depending upon planting density. Approximately one 

plug per 2 to 3 ft is often adequate. Sod is another option for establishing rhizoma 

peanut. This is, by far, the most expensive of the three options, but it often requires the 

least establishing time and the ground is covered from the start. Another disadvantage 

of sod is the initial lack of a functioning root system, which becomes an issue if the land 

is dry and has no access to irrigation. Therefore, supplemental irrigation must be 

available if this option is chosen. 
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The time of year to plant needs to be considered. Late winter through spring 

(February through April), when temperatures are moderate, soil moisture is often 

adequate, and water losses are low, is an optimal time to transplant. The more frequent, 

heavy rains (and tropical systems) during the summer months may not be the best time 

for rhizome plantings on inclines, due to the increased risk of erosion.  

Maintenance 

Some additional maintenance may be required after emergence, over the first 

season or two. Managing weeds with a recommended herbicide (Sellers and Ferrell, 

2018) is important for ensuring greater rhizoma peanut spread early. Using a chemical 

mowing approach to suppress bahiagrass competition may be useful in areas where the 

bahiagrass growth is too aggressive. As long as N fertilizers are not applied, the soil N 

often declines to some extent, shifting the sward composition towards rhizoma peanut. 

Future Research Questions 

Incorporating a BNF plant, such as rhizoma peanut, into Florida rights-of-way 

might increase nitrate release into nearby, vulnerable waterways or groundwater. 

However, soil pore water samples (Chapter 3) demonstrated that NO3-N leaching was 

typically below 1 mg L-1 (even though the rhizoma peanut cultivars trended higher than 

the grasses). More research is needed to verify that rhizoma peanut contributes little to 

no NO3-N run-off or leaching loses to the environment, particularly if large-scale 

plantings are considered.  

Further research on additional rhizoma peanut/bahiagrass cultivar combinations 

are needed to help expand their use under different landscapes and growing conditions. 
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Rhizoma peanut is slow to establish during the first year, but once established, it often 

competes well with bahiagrass in low-input, mixed plantings. Further research is 

required to help determine the role soil type has on rhizoma peanut BNF and rhizoma 

peanut/bahiagrass competitiveness for water and nutrients, particularly in terms of the 

system being an environmentally friendly option. 

Research on the extended longevity of mixed rhizoma peanut/bahiagrass stands 

is needed to better assess return on investment for use with Florida rights-of-way. 

Based on the available data, rhizoma peanut/bahiagrass mixtures (particularly low-

growing forms) should be given serious consideration as a sustainable planting option 

for addressing declining monoculture bahiagrass stands and a means for lowering 

maintenance costs on Florida rights-of-way. 

  



50 
 

REFERENCES 

Acuña, C.A., T.R. Sinclair, C.L. Mackowiak, A.R. Blount, K.H. Quesenberry, and W.W. 

Hanna. 2010. Potential root depth development and nitrogen uptake by tetraploid 

bahiagrass hybrids. Plant Soil. 334:491-499. 

Al-Saedi, S. A., I.B. Razaq, and N.A. Ali. 2016. Effect of Soil Textural Classes on the 

Biological Nitrogen Fixation by (Bradyrhizobium) Measured by 15N Dilution 

Analysis. Baghdad Sci. J. 13:734-744. 

Anderson, B.D., G.W. Knox, A. R. Blount, C.L. Mackowiak, and E.F. Gilman. 2015. 

Ornamental groundcover characteristics of rhizoma peanut (Arachis glabrata 

Benth.): shade affects height but not cover. Hort. Sci. 50:952-956. 

Ariss, J. J., L. H. Rhodes, R. M. Sulc, and R. B. Hammond. 2007. Potato Leafhopper 

Injury and Fusarium Crown Rot Effects on Three Alfalfa Populations. Crop Sci. 

47:1661-1671. 

Artigas-Ramírez, M. D., J.D. Silva, N. Ohkama-Ohtsu, and T. Yokoyama. 2018. In vitro 

rhizobia response and symbiosis process under aluminum stress. Can. J. 

Microbiol. 64:511-526. 

Bacon, C.W., P.C. Lyons, J.K. Porter, and J.D. Robbins. 1986. Ergot toxicity from 

endophyte-infected grasses: a review. Agron. J. 78:106-116. 

Baker, C., A. Blount, and K. Quesenberry, 1999. Peanut Stunt Virus infecting Perennial 

Peanuts in Florida and Georgia. Florida Department of Agriculture & Consumer 

Services, Division of Plant Industry. Plant Pathology Circular. 395. 



51 
 

Beaty, E.R., K.H. Tan, R.A. McCreery, and J.B. Jones. 1975. Root-herbage production 

and nutrient uptake and retention of bermudagrass and bahiagrass. J. Range 

Manage. 28:385-388. 

Beule, L., K.-H. Chen, C.-M. Hsu, C. Mackowiak, J.C.B Dubeux, A. Blount, and H.-L. 

Liao. 2019. Soil bacterial and fungal communities of six bahiagrass cultivars. doi: 

10.7717/peerj.7014  

Blount, A.R., R.N. Pittman, B.A. Smith, R.N. Morgan, W. Dankers, R.K. Sprenkel, and 

M.T. Momol. 2002. First report of Peanut stunt virus in perennial peanut in North 

Florida and Southern Georgia. Plant Dis. 86:326. 

Blount, A.R. and C.A. Acuña. 2009. Bahiagrass. In: Singh, R.J., editor. Genetic 

resources, chromosome engineering and crop improvement series: forage crops, 

vol 5. CRC press, Boca Raton, FL, p 81-101.  

Boddey, R.M. and P.M. Chalk. 1983. The 15N-isotope dilution technique applied to the 

estimation of biological nitrogen fixation associated with Paspalum notatum cv. 

Batatais in the field. Soil Biol. Biochem. 15:25-32. 

Brady, N.C. and R.R. Weil. 2002. Nitrogen and Sulfur Economy of Soils. The nature and 

Properties of Soils. 13th ed. Pearson Education, Upper Saddle River, NJ. p. 543-

591. 

Cao, P, C. Lu, and Z. Yu. 2018. Historical nitrogen fertilizer use in agricultural 

ecosystems of the contiguous United States during 1850-2015: application rate, 

timing, and fertilizer types. Earth Syst. Sci. Data. 10:969-984. 



52 
 

Castillo, M.S., L.E. Sollenberger, A.R. Blount, J.A. Ferrell, M.J. Williams, and C.L. 

Mackowiak. 2013. Strip planting a legume into warm-season grass pasture: 

defoliation effects during the year of establishment. Crop Sci. 53:724-731. 

Castillo M.S., L.E. Sollenberger, M.K. Mullenix, A.R. Blount, M.J. Williams, and C.L. 

Mackowiak. 2015. Grazing management affects establishment performance of 

rhizoma peanut strip planted into bahiagrass pasture. Crop Scie. 55:2384-2389. 

Cinar, S. and R. Hatipoglu. 2014. Forage Yield and Botanical Composition of Mixtures 

of Some Perennial Warm Season Grasses with Alfalfa (Medicago sativa L.) 

Under Mediterranean Condi. Turk. J. Field Crops.19:13-18. 

Cookson, P. K.M. Goh, R.S. Swift, and K.W. Steele. 1990. Effects of frequency of 

application of 15N tracer and rate of fertilizer nitrogen applied on estimation of 

nitrogen fixation by an established mixed grass/clover pasture using the 15N-

enrichment technique. New Zeal. J. Agr. Res. 33:271-276. 

Craine, J.M., E.N.J. Brookshire, M.D. Cramer, N.J. Hasselquist, K. Koba, E. Marin-

Spiotta, and L. Wang. 2015. Ecological interpretations of nitrogen isotope ratios 

of terrestrial plants and soils. Plant Soil. 396:1-26. 

Dubeux, J.C.B., A.R.S. Blount, C. Mackowiak, E.R.S. Santos, J.D Pereira-Neto, U. 

Riveros, L. Garcia, D.M. Jaramillo, and M. Ruiz-Moreno. 2017. Biological N2-

fixation, belowground biomass and forage potential of rhizoma peanut cultivars. 

Crop Sci. 57:1027-1038.  

Dubeux, J.C.B., L. Sollenberger, M. Mauldin, and L. Garcia. 2018. Ecosystems services 

provided by grass-legume pastures. SS-AGR-423. Gainesville: University of 



53 
 

Florida, Institute of Food and Agricultural Sciences. 1-3. Retrieved from 

http://edis.ifas.ufl.edu (accessed 8 Nov. 2019). 

Elsayed S., M. Elhoweity, S. El-Hendawy, and U. Schmidhalter. 2017. Non-invasive 

spectral detection of the beneficial effects of (Bradyrhizobium spp). and plant 

growth-promoting rhizobacteria under different levels of nitrogen application on 

the biomass, nitrogen status, and yield of peanut cultivars. Bragantia. 76:189-

202. 

Faris, M.A., H. Baenziger, and R.P. Terhun. 1981. Studies on potato leafhopper 

(Empoasca fabae) damage in alfalfa. Can. J. Plant Sci. 61:625-632.  

Florida Highway Statistics Administration (FHSA) 2015. Highway Statistics Series.. 

Retrieved from 

https://www.fhwa.dot.gov/policyinformation/statistics/abstracts/2015 (accessed 9 

Sep. 2019). 

Foster, J.L., J.N. Carter, L.E. Sollenberger, A.R. Blount, R.O. Myer, M.K. Maddox, C.S. 

Phatak, and A.T. Adesogan. 2011. Nutritive value, fermentation characteristics, 

and in situ disappearance kinetics of ensiled warm-season legumes and 

bahiagrass. J. Dairy Sci. 94:2042-2050. 

Gates, R. N., C.L. Quarin, and C.G.S. Pedreira. 2004. Bahiagrass. In: L. E. et al., 

editors, Warm-Season (C4) Grasses. Agron. Monogr. 45. ASA, CSSA, SSSA, 

Madison, WI. p. 651-680. 

Goodman, D.M. and L.L. Burpee. 1991. Biological control of dollar spot disease in 

creeping bentgrass. Phytopathology. 81:1438-1446. 

http://edis.ifas.ufl.edu/
https://www.fhwa.dot.gov/policyinformation/statistics/abstracts/2015


54 
 

Green, R.L., J.B. Beard, and M.J. Oprisko. 1991. Root hairs and root lengths in nine 

warm-season turfgrass genotypes. ASHS.116:965-969. 

Hamdi, Y. A. 1982. Application of nitrogen-fixing systems in soil management. FAO. 

631:46. 

Harrison, G.L. 2014. Economic impact of ecosystem services provided by ecologically 

sustainable roadside right of way vegetative management practices. Report 

BDK75-977-74. University of Florida/IFAS, Wakulla County Extension Service. 

Havlin, J.L., S.L. Tisdale, W.L. Nelson, and J.D. Beaton. 2014. Nitrogen. In: V.R. 

Anthony et al., editors. Soil Fertility and Fertilizers: An Introduction to Nutrient 

Management. 8th ed. Pearson Publishing Company, Boston. p. 118-184. 

He, X., M. Xu, G.Y. Qiu, and J. Zhou 2009. Use of 15N stable isotope to quantify 

nitrogen transfer between mycorrhizal plants. J. Plant Ecol. 2:107-118.  

Hernandez-Garay, A., L.E. Sollenberger, C.R. Staples, and C.G.S. Pedreria. 2004. 

‘Florigraze’ and ‘Arbrook’ rhizoma peanut as pasture for growing Holstein heifers. 

Crop Sci. 44: 1355–1360. 

S, M. 2000. Effects of nitrogen fertilizer rate and cutting height on leaf appearance and 

extension in bahiagrass (Paspalum notatum). Trop. Grasslands. 34:7-13. 

Hirata, M. and W. Pakiding. 2003. Responses of bahiagrass to nitrogen and defoliation. 

J. Range Manage. 56:608-615. 



55 
 

Interrante, S.M., L.E. Sollenberger, A.R. Blount, S.W. Coleman, U.R. White, and K. Liu. 

2009. Defoliation management of bahiagrass germplasm affects cover and 

persistence-related responses. Agron. J. 101:1381-1387. 

Interrante, S.M., L.E. Sollenberger, A.R.S. Blount, R. White-Leech, and K. Liu. 2011. 

Bahiagrass tiller dynamics to defoliation management. Crop Sci. 50:2124-2132. 

Jakubowski, A.R., M.D. Casler, and R.D. Jackson. 2017. Legume Addition to Perennial 

Warm-Season Grass Swards Increases Harvested Biomass. Crop Sci. 57:3343-

3351. 

Jaramillo, D.M., J.C.B. Dubeux, C. Mackowiak, L.E. Sollenberger, N. DiLorenzo, D.L. 

Rowland, A.R.S. Blount, E.R.S. Santos, L. Garcia, and M. Ruiz-Moreno. 2018. 

Annual and Perennial Peanut Mixed with ‘Pensacola’ Bahiagrass in North 

Florida. Crop Sci. 58:982-992. 

Johnson, S.E., L.E. Sollenberger, I.F. Andrade, and J.M. Bennett. 2002. Nutritive value 

of rhizoma peanut growing under varying levels of artificial shade. Agron. J. 

94:1071-1077. 

Khan, N., M. Tariq, K. Ullah, D. Muhammad, I. Khan, K. Rahatullah, and S. Ahmed. 

2014. The effect of molybdenum and iron on nodulation, nitrogen fixation and 

yield of chickpea genotypes (Cicer arietinum L.). J. Agric. Vet. Sci. 7:63-79. 

Lawson, I.Y.D., K. Muramatsu, and I. Nioh. 1995. Effect of organic matter on the growth, 

nodulation, and nitrogen fixation of soybean grown under acid and saline 

conditions. J. Soil Sci. Plant Nutr. 41:721-728. 



56 
 

Ledgard, S.F., J.R. Simpson, J.R. Freney, and F.J. Bergersen. 1985. Field evaluation of 

15N techniques for estimating nitrogen fixation in legume-grass associations. 

Aust. J. Agric. Res. 36: 247-258. 

Lee, K.K., PS.P. Wani, T. Yoneyama, N. Trimurtulu, and R. Harikrishnan. 1994. 

Associative N2-fixation in pearl millet and sorghum: levels and response to 

inoculation. Soil Sci. Plant Nutr. 40:477-484. 

Li, J., K. Liu, J. Zhang, L. Huang, J.A. Coulter, T. Woodburn, L. Li, and Y. Gan. 2018. 

Soil–Plant Indices Help Explain Legume Response to Crop Rotation in a 

Semiarid Environment. Front. Plant Sci. 9:1-13. 

Linares, J., J. Scholberg, D. Graetz, K. Boote, R. McSorley, and C. Chase. 2010. 

Effects of perennial peanut and common bermudagrass on nitrogen and water 

uptake of young citrus trees. J. Plant Nutr. 33: 200-218. 

Louarn, G., E. Pereira-Lopes, J. Fustee, B. Mary, A.S. Voisin, P.C. de Faccio Carvalho, 

and F. Gastal. 2015. The ammounts and dynamics of nitrogen transfer to 

grasses differ in alfalfa and white clover-based grass-legume mixtures as a result 

of rooting strategies and rhizodeposit quality. Plant Soil. 389:289-305. 

Mackowiak, C.L., A.R. Blount, E.A. Hanlon, M.L. Silveira and R.O. Myer. 2008. Getting 

the most out of bahiagrass fertilization. SL-249. Gainesville: University of Florida, 

Institute of Food and Agricultural Sciences. 1-6 Retrieved from 

http://edis.ifas.ufl.edu (accessed 25 Oct. 2019). 

Minchin, F.R., J.E. Sheehy, and J.F. Witty. 1986. Further Errors in the Acetylene 

Reduction Assay: Effects of Plant Disturbance, J. Exp. Bot. 37:1581–1591. 

http://edis.ifas.ufl.edu/


57 
 

Mullenix, K.M., L.E. Sollenberger, A.R. Blount, J.M.B Vendramini, M.L. Silveira, and 

M.S. Castillo. 2014. Growth habit of rhizoma peanut affects establishment and 

spread when strip planted in bahiagrass pastures. Crop Scie. 54:2886-2892.  

Mullenix, M.K., L.E. Sollenberger, M.O. Wallau, A.R. Blount, J.M.D. Vendramini, and 

M.L. Silveira. 2016. Herbage accumulation, nutritive value and persistence 

responses of rhizoma peanut cultivars and germplasm to grazing management. 

Crop Sci. 56:907-915. 

Nearing, M.A., V. Jetten, C. Baffaut, O. Cerdan, A. Couturier, M. Hernandez, Y. Le 

Bissonnais, M.H. Nichols, J.P. Nunes, C.S. Renschler, V. Souchere, and K. van 

Oost. 2005. Modeling response of soil erosion and runoff to changes in 

precipitation and cover. Catena. 61:131-154. 

Newman, Y., J. Vendramini, and A. Blount. 2010. Bahiagrass (Paspalum notatum): 

Overview and management. SS-AGR-332. Gainesville: University of Florida, 

Institute of Food and Agricultural Sciences. 1-8. Retrieved from 

http://edis.ifas.ufl.edu (accessed 25 Oct. 2019). 

Niles, W.L. and K.H. Quesenberry. 1992. Pollen germination of rhizoma peanut cv. 

Florigraze. Peanut Sci. 19:105-107. 

Padilla, F. M., M. Gallardo, and F. Manzano-Agugliaro. 2018. Global trends in nitrate 

leaching research in the 1960-2017 period. Sci. Total Environ. 643: 400-413. 

Peoples, M.B., P.M. Chalk, M.J. Unkovich, and R.M. Boddey. 2015. Can differences in 

15N natural abundance be used to quantify the transfer of nitrogen from legumes 

to neighbouring non-legume plant species? Soil Biol. Biochem. 87:97-109. 

http://edis.ifas.ufl.edu/


58 
 

Pidwirny, M. 2006. The Nitrogen Cycle: Fundamentals of Physical Geography. 2nd Ed. 

Retrieved from http://www.physicalgeography.net/fundamentals/9s.html 

(accessed on Sep 9, 2019). 

Pimentel, D., C. Harvey, P. Resosudarmo, K. Sinclair, D. Kurtz, M. McNair, S. Crist, L. 

Shpritz, L. Fitton, R. Saffouri, and R. Blair 1995. Environmental and economic 

costs of soil erosion and conservation benefits. Science. 267: 1117-1123. 

Prine, G.M., E.C. French, A.R. Blount, M.J. Williams,and K.H. Quesenberry. 2010. 

Registration of Arblick and Ecoturf rhizoma peanut germplasms for ornamental or 

forage use. J. Plant Reg. 4:145-148. 

Quesenberry, K., A. Blount, P. Mislevy, E. French, M. Williams, and G. Prine. 2010. 

Registration of 'UF Tito' and 'UF Peace' Rhizoma Peanut Cultivars with High Dry 

Matter Yields, Persistence, and Disease Tolerance. J. Plant Reg. 4:17-21. 

Rana, N., B.A. Sellers, J.A. Ferrell, G.E. MacDonald, M.L. Silveira, and J.M. 

Vendramini. 2013. Impact on soil pH on bahiagrass competition with giant 

smutgrass (Sporobolus indicus var. pyramidalis) and small smutgrass 

(Sporobolus indicus var. indicus). Weed Scie. 61:109-116. 

Reckling, M., J.M. Hecker, G. Bergkvist, C.A. Watson, P. Zander, N.Schläfke, F.L. 

Stoddard, V. Eory, C.F.E. Topp, J. Maire, and J. Bachinger. 2016. A cropping 

system assessment framework - evaluating effects of introducing legumes into 

crop rotations. Eur. J. Agron. 76:186-197. 



59 
 

Sainju, U.M, T.H. Terrill, S. Gelaye, and B.P. Singh. 2006. Soil carbon and nitrogen 

pools under long-term productivity of rhizoma peanut and perennial weeds 

management systems. Arch. Agron. Soil Sci. 52:45-59. 

Santos, E.R.S., J.C.B. Dubeux, L.E. Sollenberger, A.R.S. Blount, C. Mackowiak, N. 

DiLorenzo, D.M. Jaramillo, L. Garcia, T.P. Pereira, and M. Ruiz-Moreno. 2018. 

Herbage responses and biological N2 fixation of bahiagrass and rhizoma peanut 

monocultures compared with their binary mixtures. Crop Sci. 58:2149-2163. 

Santos, E.R.S., J.C.B. Dubeux Jr., C. Mackowiak, A.R.S. Blount, D.M. Jaramillo, L. 

Garcia, J.D. Pereira-Neto, and M. Ruiz-Moreno. 2019. Sward responses of 

bahiagrass cultivars under no nitrogen fertilization. Crop Sci. 59:1-10. 

Salisbury, F.B. and C.W. Ross. 1992. Assimilation of nitrogen and sulfur. Plant 

Physiology. 4th ed. Wadsworth Publishing Company, Belmont, CA. p. 289-307. 

Sellers, B. and J. Ferrell. 2018. Weed control in perennial peanut. Publ. SS-AGR-261. 

Univ. Florida, Inst. Food Agric. Sci., Gainesville, FL. 

Shearer, G. and D.H. Kohl. 1986. N2-fixation in field settings: estimations based on 

natural 15N abundance. Aust. J. Plant Physiol. 13:699-756. 

Sigua, G.C., M.M. Williams, C.C. Chase Jr., J. Grabowski, and M. Kongchum. 2013. 

Nitrogen recovery and agronomic efficiency of forages with nitrogen fertilization 

under flooded condition. Agric. Sci. 4:138-148. 



60 
 

Soil Survey Staff. 2016. Natural Resources Conservation Service, United States 

Department of Agriculture. Web Soil Survey. Retrieved from 

https://websoilsurvey.sc.egov.usda.gov/ (accessed 4 Nov, 2019). 

Springer, T.L., R.L. Gillen, and R.W. McNew. 2007. Combining ability of binary mixtures 

of introduced, cool-and warm-season grasses and legumes. Crop Sci. 47:2540-

2546. 

Stein, L.Y., and M.G. Klotz. 2016. The nitrogen cycle. Curr. Biol. 26:R94-R98. 

Tessema, Z., and R.M.T. Baars. 2006. Chemical composition, dry matter production 

and yield dynamics of tropical grasses mixed with perennial forage legumes. 

Trop. Grassl. 40:150-156. 

Thilakarathna, M.S., M.S. McElroy, T. Chapagain, Y.A. Papadopoulos, and M.N. 

Raizada. 2016. Belowground nitrogen transfer from legumes to non-legumes 

under managed herbaceous cropping systems. A review. Agron. Sustain. Dev. 

36:58 

Trannin, W.S., G. Guerra, J. Ibijbijen, and G. Cadisch. 2000. Interspecies competition 

and N transfer in a tropical grass-legume mixture. Biol. Fertil. Soils. 32:441-448. 

Unkovich, M.J. and J.S. Pate. 2001. Assessing N 2 fixation in annual legumes using 15 

N natural abundance. In: Unkovich, M.J., Pate, J.S., McNeill, A.M., Gibbs, D.J. 

(Eds.), Stable Isotope Techniques in the Study of Biological Processes and 

Functioning of Ecosystems, Kluwer Academic, Dordrecht, The Netherlands. 103-

118. 

https://websoilsurvey.sc.egov.usda.gov/?referrer=Citation.htm-HomeLink1


61 
 

Unkovich M., D. Herridge, M. Peoples, G. Cadisch, R. Boddey, K. Giller, B. Alves, and 

P. Chalf. 2008. Measuring plant-associated nitrogen fixation in agricultural 

systems. ACIAR Monograph. 136:1-256. 

Valentine, A.J., V.A. Benedito, and Y. Kang. 2011. Legume nitrogen fixation and soil 

abiotic stress: from physiology to genomics and beyond. Annu. Plant Rev. 

42:207-248. 

Vendramini, J., L.E. Sollenberger, A.R. Blount, A.D. Aguiar, L. Galzerano, A.L Valente, 

E. Alves, and L. Custodio. 2013. Bahiagrass cultivar response to grazing 

frequency with limited nitrogen fertilization. Agron. J. 105:938-44. 

Venuto, B.C., W. Elkins, and D. Redfearn. 2000. Soil fertility effects on growth and 

nutrient uptake of rhizoma peanut. J. Plant Nutr. 23:231-241. 

Vinther, F.P. and E.S. Jensen. 2000. Estimating legume N2 fixation in grass-clover 

mixtures of a grazed organic cropping system using two 15N methods. Agr. 

Ecosyst. Environ. 78:139-147. 

Wasson, A.P., F.L. Pellerone, and U. Mathesius. 2006. Silencing the flavonoid pathway 

in Medicago truncatula inhibits root nodule formation and prevents auxin 

transport regulation by rhizobia. Plant Cell. 18:1617-1629. 

White-Leech, R., K. Liu, L.E. Sollenberger, K.R. Woodard, and S.M. Interrante. 2013. 

Excreta Deposition on Grassland Patches. I. Forage Harvested, Nutritive Value, 

and Nitrogen Recovery. Crop Sci. 53:688-695. 



62 
 

Williams, M.J. 1993. Planting Date and Preplant Tillage Effects on Emergence and 

Survival of Rhizoma Perennial Peanut. Crop Sci. 33:132-136. 

Williams, M.J., Y.C. Newman, and A.S. Blount, and S.W. Coleman. 2017. Rhizoma 

perennial peanut. SS-AGR-349. Gainesville: University of Florida, Institute of 

Food and Agricultural Sciences. 1-4. Retrieved from http://edis.ifas.ufl.edu 

(accessed 25 Oct. 2019). 

Wood, C.W., P.A. Moore, B.C. Joem, R.D. Jackson, and M.L. Cabrera. 2012. 

Conservation outcomes from pastureland and hayland practices. Assessment, 

recommendations, and knowledge gaps. In: C.J. Nelson, editor. Nutrient 

management on pasturelands and haylands, Allen Press, Lawrence, KS. 257-

314. 

Woodard, K.R. and L.E. Sollenberger. 2011. Broiler Litter vs. Ammonium Nitrate as 

Nitrogen Source for Bermudagrass Hay Production: Yield, Nutritive Value, and 

Nitrate Leaching. Crop Sci. 51:1342-1352. 

Wu, L. and M.B. McGechan. 2001. Simulation of nitrogen uptake, fixation and leaching 

in a grass/white clover mixture. Grass Forage Sci. 54:30–41. 

Zahran, H.H. 1999. Rhizobium-legume symbiosis and nitrogen fixation under severe 

conditions and in an arid climate. Microbiol. Mol. Biol. 63:968–989. 

 

 

http://edis.ifas.ufl.edu/

	CHAPTER 1
	SUSTAINABLE VEGETATION FOR FLORIDA RIGHTS-OF-WAY
	Background
	Bahiagrass
	Physiology
	Bahiagrass Cultivars and Uses
	Bahiagrass Stand Decline

	Rhizoma Peanut
	Physiology
	Rhizoma Peanut Cultivars and Uses


	CHAPTER 2
	THE ROLE OF BIOLOGICAL N2 FIXATION IN A SUSTAINABLE LANDSCAPE
	Nitrogen Cycle
	Biological Dinitrogen Fixation (BNF)
	The Fate of Biological N2 Fixed N in Soil
	Methods for Assessing Biological Dinitrogen Fixation in Soil
	Assessment of 15N Natural Abundance and Dilution Techniques on Planted Bahiagrass and Rhizoma Peanut
	Materials and Methods
	Results and Discussion


	CHAPTER 3
	INCORPORATING LEGUMES INTO GRASSLANDS
	Implications for Wildlife
	Implications for Pests and Diseases
	Longevity of Legume/grass Mixtures
	Rhizoma Peanut Establishment into Grasses
	Rhizoma Peanut-Bahiagrass Mixtures without N Inputs
	Materials and Methods
	Results and Discussion


	CHAPTER 4
	RECOMMENDATIONS FOR USING RHIZOMA PEANUT IN RIGHTS-OF-WAY
	Checklist for Establishing Rhizoma Peanut in Rights-of-way
	Site Selection
	Planting
	Maintenance

	Future Research Questions

	REFERENCES

