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Abstract 

 

The Southeastern US is struggling with cogongrass (Imperata cylindrica) and glyphosate- 

resistant Palmer amaranth (Amaranthus palmeri)–two of the most difficult-to-manage weeds of 

non-crop and row-crop areas, respectively. We evaluated herbicide treatments at spring, summer, 

and fall application timings for cogongrass patch eradication. Herbicide treatments included 

glyphosate at 4.5 kg ai ha-1, imazapyr at 0.84 kg ai ha-1 and a glyphosate plus imazapyr tank 

mixture at the same rates. Cogongrass response to treatments varied by location but by 36 

months after initial treatment (MAIT), cogongrass rhizome eradication was achieved with: 1) 

glyphosate + imazapyr treatment at any application timing; 2) imazapyr treatment in August or 

October; and 3) glyphosate treatment applied in May and October each year. An additional field 

study evaluated the growth dynamics of six cogongrass ecotypes (‘Auburn’, ‘Mobile’, ‘Florida’, 

‘Louisiana’, ‘Mississippi’ and ‘Red Baron’) and their sensitivity to glyphosate across a historic 

fertility gradient. There was significant variation among ecotypes for tiller number, spread 

diameter, shoot and rhizome biomass, rhizome depth, and total nonstructural carbohydrates 

levels. Glyphosate (3.36 kg ae ha-1) completely controlled aboveground growth, but all ecotypes 

grew back by 12 months after glyphosate treatment. A dose-response relationship for different 

ecotypes indicated ‘Florida’, ‘Louisiana’, and ‘Mississippi’ as most sensitive; ‘Auburn’ and 

‘Mobile’ as moderately sensitive; and ‘Red Baron’ as least sensitive to glyphosate. 
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For Palmer amaranth management, two field studies were conducted to evaluate: 1) the 

role of soil-inversion, cover crops and herbicide regimes for Palmer amaranth management in 

glufosinate-resistant cotton; 2) the role of soil-inversion, cover crops and secondary tillage 

methods for Palmer amaranth management in glufosinate-resistant cotton. In both studies the 

main plots were two soil-inversion treatments: fall inversion tillage (IT) and non-inversion tillage 

(NIT). The subplots were three cover crop treatments: crimson clover, cereal rye and winter 

fallow. In the first study, the sub-subplots were four herbicide regimes: PRE (single 

preemergence application of pendimethalin at 0.84 kg ae ha−1 plus fomesafen at 0.28 kg ai ha−1) 

alone, POST (single postemergence application of glufosinate at 0.60 kg ai ha−1 plus S-

metolachlor at 0.54 kg ai ha−1) alone, PRE + POST (combination of prior two components) and a 

no-herbicide check. In the second study the sub-subplots were four spring tillage methods: disk 

followed by chisel plow (DCH), disk followed by field cultivator (DCU), disk followed by disk 

(DD), and a no-tillage check (NT). One or two POST blanket applications were made two and 

four weeks after planting depending on the production year. Results from the first study 

indicated > 96 % reduction in Palmer amaranth density two and six weeks after cotton planting 

by PRE and PRE + POST herbicide regimes in both IT and NIT over the three years.  

Furthermore, the PRE, POST and PRE + POST produced three times more cotton than the no-

herbicide check. In the second study, Palmer amaranth was controlled > 90% in DD regardless of 

soil inversion and cover crop. Furthermore, the DD tillage method produced maximum cotton 

(2251 kg ha−1) regardless of cover crop. Additionally, the IT (2133 kg ha−1) produced 21% more 

cotton than NIT (1766 kg ha−1). 
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Chapter 1 

Introduction and Literature Review-Part I 

1.1. Palmer Amaranth Management in Glufosinate-Resistant Cotton 

1.1.1. Introduction 

Palmer amaranth [Amaranthus palmeri (L.) S.Wats, family Amaranthaceae ] is a highly 

invasive and aggressive weed in southeastern, Mississippi delta, and Great Plains row crop 

production areas (Fernald 1950). In addition, several species of the genus Amaranthus occur 

throughout these regions (Horak et al. 1994; McGregor 1986).  Compared to other pigweed 

species such as common waterhemp [Amaranthus rudis (L.) Sauer], redroot pigweed 

(Amaranthus retroflexus L.), and tumble pigweed (Amaranthus albus L.), Palmer amaranth 

produced the maximum dry weight and leaf area and height (Horak and Loughin 2000). It has C4 

photosynthetic mechanism and hence has high photosynthetic efficiency (Ehleringer 1983). 

Palmer amaranth is a dioecious plant with tremendous seed production potential and rapid seed 

germination (Horak and Loughin 2000; Steckel et al. 2004). A single female plant can produce 

more than 600,000 seeds, depending upon density and other environmental factors that have an 

average diameter of 1.0 mm (Keeley et al. 1987). Additionally, Palmer amaranth has exceptional 

drought tolerance and can endure dry conditions very well (Ehleringer 1983; Place et al. 2008; 

Wright et al. 1999). Palmer amaranth can perform very well under low light conditions such as 

dense crop canopies (Jha et al. 2008). Palmer amaranth is a highly problematic plant-pest 
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interfering with the economical production of several crops such as cotton, corn, cucurbits, grain 

sorghum, peanut, potato, soybean, sweet potato and several vegetable crops (Bensch et al. 2003; 

Burke et al. 2007; Klingaman and Oliver 1994; Massinga et al. 2001; Menges 1987; Meyers et 

al. 2010; Morgan et al. 2001; Monks and Oliver 1988; Moore et al. 2004; Rowland et al. 1999; 

Smith et al. 2000; Webster 2005). Several researchers have reported Palmer amaranth to be one 

of the most competitive weeds in cotton (Gosypium hirsutum L.) (Askew and Wilcut 2002; 

Bensch et al. 2003; Rowland et al. 1999; Smith et al. 2000). Morgan et al. (2001), reported a 

linear decrease in cotton yields from 13 to 54% for 1 to 10 Palmer amaranth plants/9.1 m of row. 

In Oklahoma, Rowland et al. (1999) documented 5.9 to 11.5% cotton lint yield decrease with 

each increment of one Palmer amaranth plant/10 m of row. Additionally, yield reductions have 

been documented in other row crops.  Klingaman and Oliver (1994), in Arkansas, documented 

high yield losses in soybean [Glycine max (L.) Merr. Lloyd] ranging from 17 to 68% for Palmer 

amaranth densities of 0.33 to 10 plants/m of row, respectively. Similarly in Kansas, Bensch et al. 

(2003) reported Palmer amaranth to be more competitive than redroot pigweed (Amaranthus 

retroflexus L.) and common waterhemp (Amaranthus rudis Sauer) causing a yield reduction of 

78.7% at a density of 8 plants/m of row. Menges (1988) reported allelopathic inhibition of grain 

sorghum [Sorghum bicolor (L.) Moench] and cabbage (Brassica oleracea var. capitata L.) 

growth by Palmer amaranth.  Allelochemicals released from  Palmer amaranth residue resulted in 

49 and 68% decrease in carrot (Daucus carota L. var. sativa) and onion (Allium cepa L.) growth, 

respectively (Menges 1987).   
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1.1.2. Tillage System 

Effect of tillage systems on seedling emergence patterns, composition and abundance of 

weed species have been the focus of many previous studies (Ball and Miller 1993; Dyer 1995; 

Forcella et al. 1993; Froud-Williams 1988; Froud-Williams et al. 1983a and1983b; Mulugeta and 

Stoltenberg 1997; Webster et al. 1998; Yenish et al. 1992 and 1996a).  Tillage can alter weed 

seedling emergence patterns by modifying seed burial depth, dormancy, predation and mortality. 

Furthermore, it modifies the environmental factors crucial for germination, such as temperature, 

moisture, and oxygen (Benech-Arnold et al. 2000; Forcella et al. 2000; Leon and Owen 2004; 

Mohler 1993). 

Historically, cotton was grown in a conventional tillage environment using primary and 

secondary tillage such as mold board plowing, disking and or cultivating. A conventional tillage  

system has been defined, by USDA-NRCS, as   “a tillage system that involve primary tillage 

utilizing moldboard plows or heavy disks followed by one or more secondary tillage, planting 

and row cultivation operations that bury nearly all previous crop residue”. The advantages 

associated with conventional tillage include; destruction of weeds, incorporation of manures and 

fertilizers, improved seed and soil contact, improved soil aeration and nutrient availability, 

exposure of harmful insects and plant pathogens to solar radiation and incorporation of preplant 

soil applied herbicides (FAO, 2013). Common detrimental-effects associated with conventional 

tillage are; soil compaction, increased cost of crop production due to high fuel, time and labor 

inputs, decline in soil fertility and productivity, increased soil erosion and environmental 

pollution through increased fossil fuel combustion (FAO 2013). As a consequence of increasing 

economic inputs, low commodity prices, and concerns for declining soil organic matter and 
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subsoil compaction, the cotton producers readily adopted the conservation tillage systems such 

as no-till and strip-tillage production systems (Troeh et al. 1991; Wauchope et al. 1985).   

Conservation tillage, according to the USDA-NRCS definition, is “any tillage system that leaves 

at least 30% of the soil surface covered with residue at the time of planting the main crop”. 

Benefits of conservation tillage include reductions in soil and wind erosion, savings in time, fuel 

and labor required to prepare fields for planting, increased water infiltration into the soil profile, 

improved beneficial soil biological activity and in some instances, reductions in disease, insects, 

and weed pests (Cantonwine et al. 2006; Doran 1980; Edward and Lofty 1982; Fawcett et al. 

1994; Feng et al. 2003; Frye 1984; Johnson et al. 2001; Kay 1990; Lal 1997; Lal et al. 1994; 

Price et al. 2007; Rasmussen and Collins 1991;Unger and Jones 1998). However, inadequate 

weed control has been identified as a major production constraint associated with the 

conservation-tillage system (McWhorter and Jordan 1985).  

Weersink et al. (1992a, 1992b) and Yiridoe et al. (1994) also perceived that changes in 

farming practices, such as the adoption of conservation tillage, may present unknown risks that 

can delay implementation by farmers. Clements et al. (1994) noted that changes in farm 

management systems will influence weed species diversity. Several cases of shift in weed 

species have already been reported, globally, due to adoption of conservation tillage system. 

Spreading dayflower (Commelina diffusa Burm. f.) and purple nutsedge (Cyperus rotundus L.) 

were recorded as the dominant weed species in no till rice in India (Singh et al. 2005). Further, 

wind disseminated species, annual and perennial grasses, and perennial dicot weeds increase 

with zero-till and minimum tillage in temperate regions of the world (Froud-Williams et al. 

1981). Triplett (1985) attributed the abundance of perennial weed species with minimum and 

zero-till systems to the lack of disturbance of the root systems of established perennial weeds.  
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In conservation-agriculture, weeds seed germination is often higher because most of the 

weed seeds lie on the soil surface where germination conditions are more favorable (Banting 

1966; Ball 1992; Chauhan et al. 2006; Chauhan and Johnson 2009; Chauhan and Johnson 2010a; 

Clements et al. 1996; Yenish et al. 1992). Therefore, small seeded weed species such as Palmer 

amaranth and horseweed have become highly prevalent in reduced tillage production systems 

(Buhler 1995). The reduction of tillage or seed burial is beneficial for weed seed germination and 

emergence (Egley and Williams 1991). However, an increase in weed seed predation has also 

been reported under conservation tillage production systems. Hulme (1994) reported that the 

weed seeds are most vulnerable to surface-dwelling seed predators when on the soil surface. 

Similarly, Chauhan et al. 2010b also reported more than 87% post dispersal weed seed predation 

from the soil surface in no-till rice production. Nevertheless, the infestation of small seeded 

annual weeds such as Palmer amaranth has often been attributed to the conservation tillage 

systems that preclude burial of weed seed.  

The effect of tillage on weed seedling emergence depends on several factors such as type 

of tillage system, timing, depth, and speed of the tillage equipment. Different tillage implements 

disturb the soil differently which in turn affect weed population dynamics (Liebman et al. 2001). 

For instance, moldboard plows invert the soil and bury weeds with relatively little weed seed 

injury. Discs and rotary tillers mix weeds and crop residues into the soil profile. Disc plows 

disturb the soil minimally than compared with field cultivator or chisel plow (Chauhan et al. 

2006). Therefore, it is expected that vertical seed distribution caused by different tillage 

implements may vary. Information on the vertical seed distribution may help predict the seedling 

recruitment (Grundy and Mead 1998).  
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Moldboard plowing with soil inversion to the depth of 30 cm (12 in) has been shown to 

reduce glyphosate-resistant Palmer amaranth emergence 46% to 60% because many of the weed 

seeds are placed at a depth where emergence cannot occur (Culpepper et al. 2009 and 2010). 

However, Price et al. (2011), perceiving the threat to the practice of conservation tillage, 

advocated the integration of traditional and alternative weed control strategies, such as utilization 

of crop and herbicide rotation and integration of high residue cereal cover crops in order to 

sustain conservation tillage practices and soil quality attributes. 

1.1.3. Cover Crops  

Cover crops have multifarious benefits associated with them; the important ones include 

weed suppression, soil erosion control, and restoration of soil fertility and reduction in nitrate 

leaching. Because of these virtues their cultivation is gaining momentum and, perhaps, is a 

judicious farming decision in today’s conservation tillage system. While live cover crops offer 

competition to weeds for light, space, nutrients and moisture (Shilling et al. 1986; Lehman and 

Blum 1997) their residues physically suppress weeds through production of mulch (Bhowmik 

and Inderjit 2003). In addition, many release certain chemicals that work to the detriment of 

other plants growing in immediate vicinity. These chemicals are either directly released out of 

their root system when the covers are alive or may be released by microbial decomposition when 

cover residues decompose or are incorporated in soil.  

As previously mentioned, conservation tillage systems are highly efficient in reducing 

soil erosion, conserving water, improving soil organic matter and reducing nitrate leaching but 

they are prone to increased weed infestations when chemical weed control methods are 

insufficient due to selectivity or improper application (Cardina et al. 2002; Sosnoskie et al. 
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2006). In such a scenario, the cover crops may form an important component in weed 

management. In modern day reduced and no tillage systems, the weed suppression potential of 

certain legume and grass covers is being increasingly capitalized and it has produced 

encouraging outcomes. Cover crops may include: winter rye (Secale cereale L.), barley 

(Hordeum vulgare L.), buckwheat (Fagopyrum esculentum),  sorghum-sudangrass (Sorghum 

bicolor  L. x S. sudanense L.), german millet (Setaria italica) pearlmillet (Pennisetum glaucum), 

Japanese millet (Enchinochloa frumentacea ), crimson clover (Trifolium incarnatum L.), cowpea 

(Vigna unguiculata ), Sunhemp ( Crotolaria juncea), sweet clover ( Melilotus alba Desr.), 

velvetbean (Mucuna deeringiana )  and hairy vetch ( Vicia villosa) etc. are some of the popular 

leguminous covers. 

Recently, the inclusion of cover crops in conservation-tillage system is being promoted 

due to the ability of some cover crops to suppress early-season weed density and growth either 

through direct competition from cover crop biomass (Ateh and Doll 1996; Bauer et al. 2003; 

Collins et al. 2007; Reddy 2001; Teasdale et al. 1991; Teasdale and Mohler 2000; Yenish et al. 

1996b) or through allelopathy (Barnes and Putnam 1986; Barnes et al.1987; Dhima et al. 2006; 

White et al. 1989).  

1.1.3.1. Crimson Clover 

Crimson clover, also known as scarlet clover, is an important winter season legume cover 

crop. It is believed to be native to Atlantic and southern Europe, Caucasus and Transcaucasus 

(Duke 1981). The maximum crimson clover height can be 18 inches but usual range is of 12 to 

16 inches (Finch and Sharp 1983). The root system is typically a taproot, and well nodulated for 

nitrogen. It tolerates a wide range of climatic and soil conditions and is well-adapted to the 
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climate of the southeastern USA (Knight, 1985; Hargrove, 1986). Knight 1985) accentuates the 

need of timely establishment of crimson clover by at least 6 weeks before the average date of the 

first frost. It thrives in regions receiving 35 inches or more annual rainfall and cannot endure 

drought (McLeod, 1982). Knight (1985) has enlisted five most popular crimson clover cultivars 

used as cover crop as: 'Dixie,' ‘Auburn,’ ‘Autauga,’ ‘Chief,’ and ‘Talladega’. Subsequently 

several new cultivars such as ‘AU Robin’ and ‘AU Sunrise’ and ‘AU Sunup’ have been released 

by Auburn University. 

The early season weed suppression properties of crimson clover and several other legume 

species such as hairy vetch, and subterranean clover (Trifolium subterraneum L.) have been 

investigated by many researchers (Reddy 2001, 2003; Teasdale and Daughtry 1993; Teasdale et 

al. 1991; Yenish et al.1996b).In addition, it has been documented that the residue of leguminous 

crops is of higher forage quality than grasses because of lower carbon to nitrogen (C: N) ratio. In 

a conservation tillage setting, they decompose quicker and add more N to the soil than grasses 

thus helping contribute to increasing subsequent soil quality (Ranells and Wagger, 1996). 

Legume cover crops improve nitrogen availability to subsequent crops and reduce leaching of 

nitrogen into the immediate environment (Glasener et al. 2002; Sainju and Singh 1997; Varco et 

al.1999).  

1.1.3.2. Cereal Rye 

Cereal rye has been well documented for both high biomass potential and allelopathic 

properties by several researchers (Barnes and Putnam 1986; Burgos and Talbert 2000; Dhima et 

al. 2006; Price et al. 2006, Reeves et al. 2005). It is characterized by rapid growth, winter hardy 

nature, and huge biomass production potential that can be ≥10,000 pounds/acre (Sattell 1998). Its 
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extensive root system helps alleviate soil compaction.  Further, its weed suppression and 

allelopathic properties have been well recognized. Kimber (1973) observed growth inhibition in 

wheat with the extract of slightly green rye decomposed over 21 days. Similarly, Barnes and 

Putnam (1983) noticed that spring -planted winter rye resulted in reduction in early season 

biomass by 98% in common lambsquarter (Chenopodium album), 42% in large crabgrass 

(Digitaria sanguinalis (L.) Scop.) and 90% in common ragweed (Ambrosia artemisiifolia L.) 

over fallow control. Further, the residues of fall planted rye reduced the biomass of barnyard 

grass and redroot pigweed by 74% and 55%, respectively as compared to poplar excelsior 

(Populus spp.) control mulch. Reeves et al. (2005) reported better weed control with a cereal rye 

cover crop than with wheat in conservation-tillage cotton, and control with rye plus a 

preemergence (PRE) herbicide was equal to control with a high-input herbicide system. Several 

studies on cover crops have reported an excellent early-season weed control that can preclude the 

use of PRE herbicides in crops (Ateh and Doll 1996; Fisk et al. 2001; Isik et al. 2009; Molin 

2006; Reddy 2001; Reeves et al. 2005; Teasdale 1996; Teasdale et al. 1991, 2005; Vasilakoglou 

et al.2006; Yenish et al. 1996b; Zasada et al. 1997).  

Although the success of a cover crop in early-season weed suppression is determined by 

the biomass production potential (Ateh and Doll 1996; Brennan and Smith 2005; Mohler and 

Teasdale 1993; Teasdale 1996), biomass production varies with year, location and management 

practices (Schomberg et al. 2006). Daniel et al. (1999) reported a higher rye biomass than 

crimson clover (Trifolium incarnatum L.), hairy vetch (Vicia villosa Roth), wheat, or white 

lupine. Culpepper et al. (2010), observed that rye residue alone were effective in reducing the 

glyphosate-resistant Palmer amaranth emergence by 94% in the row middle and 50% within the 

row. Price et al. (2008), reported that the use of high residue cover crops in conjunction with 
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chemical and cultural weed control tactics could provide effective Palmer amaranth control in 

established glyphosate-resistant populations as well as help prevent the development of 

resistance in current glyphosate-susceptible populations.  

Some of the adverse effects associated with the cover crops include; depletion of soil 

moisture needed by the succeeding crop, low soil temperatures, high pest pressure, interference 

with planting operations and poor soil to seed contact (Bowman et al. 1998; Fernandez et al. 

2008; Price et al. 2007). Conversely, improved storage of excessive soil moisture during periods 

of high rainfall was reported by Fernandez et al. 2008. Additionally, reduction in efficacy of soil 

applied herbicides through interception and sorption has been indicated in high residue 

production systems (Banks and Robinson 1982, 1984; Ehrback and Lovely 1975; Johnson et al. 

1989; Gaston et al. 2003; Lowder and Weber 1979). 

Nevertheless, the benefits of use of cover crops would likely outweigh their adverse 

impacts. Therefore, the inclusion of cover crops in conservation tillage system have the potential 

to provide weed control benefits similar to those realized from deep plowing under conventional 

tillage system. 

1.1.4. Glufosinate-Resistant Technology 

Higher weed control efficiency is an important virtue of the herbicide-resistant crops 

(Burnside 1992; Radosevich et al. 1992).  Other benefits are simplification of weed management 

and enhancement in adoption of conservation tillage practices (Duke 1999; Martinez-Ghersa et 

al. 2003). The advent of glyphosate-resistant soybean, cotton, and corn in 1996, 1997, and 1998, 

respectively, has radically impacted the row crop production in the United States. This 
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technological breakthrough not only increased area under glyphosate-resistant crops but also 

greatly boosted the adoption of conservation tillage. 

Glyphosate is a non-selective, systemic herbicide that works by inhibition of 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS; 2.5.1.26), an enzyme in the shikimate 

biosynthetic pathway that produces the essential aromatic amino acids (tryptophan, tyrosine, and 

phenylalanine) and subsequently phenolics, lignins, tannins, and other phenylpropanoids (Duke 

1992). This herbicide was commercialized in 1974 and by 1995 the volume of sales reached 4.5 

million kg in the United States. With the introduction of glyphosate-resistant cotton varieties in 

1997, the use of glyphosate in cotton increased dramatically; from a 700,000 kg in 1997 to 

3870,000 kg yr-1 in 2006 (Young 2006). Further, reduction in glyphosate prices due to expiration 

of key patents resulted in more than 10- fold increase in glyphosate consumption. Therefore, the 

extensive adoption of glyphosate-resistant cotton technology virtually replaced the conventional 

weed control technology consisting of preplant incorporated (PPI), preemergence (PRE) and 

postemergence (POST) and postdirected (PDS) grass and broadleaf herbicides (Young 2006). 

Until recently, the glyphosate has been very efficacious on several weeds including 

Palmer amaranth (Aulakh et al. 2011; Corbett et al. 2004; Culpepper and York 1998; Parker et 

al. 2005; Price et al. 2011). However, the sole reliance on glyphosate herbicide in glyphosate-

resistant cotton resulted in selection for resistant biotypes of Palmer amaranth. Ever since the 

first reported case of occurrence of glyphosate resistance in Palmer amaranth from Macon 

County in Georgia (Culpepper et al. 2006), more resistance cases are being reported from other 

states in the southeastern United States. As of 2012, glyphosate-resistant Palmer amaranth 

populations have been confirmed in 20 states (Alabama, Arizona, Arkansas, California, 

Delaware, Florida, Georgia, Illinois, Kansas,  Louisiana, Michigan,  Missouri, Mississippi, North 
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Carolina, New Mexico, North Carolina, Ohio, South Carolina, Tennessee, and Virginia) (Heap 

2013). In the wake of this recent glyphosate-resistant phenomenon, the cotton growers are 

considering other weed management options such as inversion tillage, use of cover crops and 

adoption of glufosinate-resistant cotton technology. 

Glufosinate-resistant (GR) cotton was commercialized in 2004 and was tolerant to topical 

applications of glufosinate from crop emergence until the early bloom stage (Miller et al. 2012). 

Previous research has shown that POST glufosinate treatment at rates up to 3.3 kg ai/ha did not 

harm cotton and had no effect on plant height at maturity, total number of bolls, bolls per plant, 

and boll positions of ‘Coker 312’ (Blair-Kerth et al. 2001). Glufosinate is a non-selective 

herbicide that can effectively control glyphosate-resistant Palmer amaranth. Glufosinate inhibits 

glutamine synthetase (EC 6.3.1.2), an enzyme that catalyzes the synthesis of glutamine from 

glutamate and ammonium (Bellinder et al. 1987; Dekker and Duke 1995; Devine et al. 1993a). 

Glutamine synthetase inhibition leads to the accumulation of toxic levels of ammonia within the 

cell which eventually results in plant death (Coetzer and Al-Khatib 2001). Glufosinate resistance 

in cotton was bred by incorporation of the bialaphos resistance (BAR) gene from the fungus 

Streptomyces viridochromogenes that encodes for high levels of phosphinothricin 

acetyltransferase (pat). The pat enzyme converts the active molecule of glufosinate (L-

phosphinothricin) into nontoxic N-acetyl-L-phosphinothricin (Devine et al. 1993a 1993b; Droge 

et al. 1992).   

Glufosinate is highly effective against a broad spectrum of weeds that are commonly 

found in cotton, corn, and soybean (Bradley et al. 2000; Culpepper and York 1998; Culpepper et 

al. 2006; York and Culpepper 2004). However, as with glyphosate, glufosinate does not have any 

soil residual activity. Additionally, weed control efficacy of glufosinate varies with the age or 
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growth stage of weed (Corbett et al. 2004; Shaw and Arnold 2002). The lack of soil residual 

activity of glufosinate and occurrence of several weed flushes over the crop growing season 

necessitate multiple herbicide applications (Reddy and Norsworthy 2010). However, multiple 

applications would impose selection pressure on the weeds as has been the case with the 

evolution of glyphosate-resistant Palmer amaranth. Therefore, the use of residual herbicides as 

PRE, mid-POST (MPOST), and LAYBY postdirected applications would likely reduce the over 

reliance on glufosinate applications to minimize the selection pressure on weeds. Additionally, 

residual herbicides with diverse modes of actions will not only prevent or delay weed shifts and 

evolution of glufosinate-resistant weeds but also enhance the control of weeds that are not 

effectively controlled by glufosinate alone (Martinez-Ghersa et al. 2003).  

Management of glyphosate-resistant Palmer amaranth in cotton is a major production 

issue in the southeastern United States. Inversion tillage is being readopted by many farmers in 

Georgia who have severe infestation of glyphosate-resistant Palmer amaranth on their farms. 

Although inversion tillage can improve control of glyphosate-resistant Palmer amaranth, 

increased input costs and potential soil erosion are significant challenges for growers. However 

the inclusion of cover crops and adoption of glufosinate-resistant cotton technology seem to be 

vindicated in the light of these economic and environmental considerations. Therefore, keeping 

in view the current Palmer amaranth management perceptions of cotton growers, field studies 

were conducted from fall 2008 through 2011 with the following objectives: 

1. To evaluate the role of soil inversion, cover crops and herbicide system components 

for Palmer amaranth management in glufosinate-resistant cotton technology.  

2. To evaluate the role of soil inversion, cover crops and secondary tillage methods for 

Palmer amaranth management in glufosinate-resistant cotton technology. 
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Introduction and Literature Review-Part II 

1.2. Cogongrass Patch Eradication 

1.2.1. Introduction 

Cogongrass (Imperata cylindrica (L.) Beauv. var. major tribe Andropogoneae) is a highly 

invasive, perennial, rhizomatous grass and a serious weed problem in over 73 countries across 

the globe (MacDonald 2004). It has been ranked as the seventh most troublesome weed 

worldwide (Falvey 1981; Holm et al. 1977).In the United States, cogongrass is a weed of non-

agricultural area but in several tropical and subtropical countries elsewhere, it is a major 

constraint to production of more than 35 agricultural crops (Akobundo and Ekeleme 2000; 

Chikoye et al. 2000; Chikoye et al. 2005; Coile and Shilling 1993; Udensi et al.1999; Holm et al. 

1977). International trade and movement of humans during the last century have been the vectors 

of accidental or intentional introduction of nonnative invasive species in many parts of the world 

(Rejmanek, 1996; Starfinger et al. 1998; Mooney and Hobbs, 2000). The advent of cogongrass 

into the United States dates back to 1911 when it was accidentally shipped in, along with 

Satsuma orange plants, as seed via Grand Bay, AL (Dickens, 1974; Patterson et al. 1983; Tabor, 

1952). Subsequently, it was purposefully imported and planted at several places in Alabama, 

Florida and Mississippi to evaluate its potential as forage and soil stabilizer (Dickens and 

Buchanan 1975; Tabor, 1949; Tabor, 1952). In the southeastern United States it has invaded a 

wide range of habitats ranging from dry sand dunes to wet swamps and river margins (Chikoye 
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et al. 1999; Garrity et al. 1996). Globally, cogongrass infestation is spread across more 

than 500 million ha, of which 200 million hectares are in Asia alone (Dickens 1974; Falvey 

1981; Holm et al. 1977).  

At present it occupies more than 500,000 ha of land in the United States and classified as 

a noxious weed in Alabama, Florida, Georgia, Louisiana, Mississippi, Oregon, South Carolina, 

Texas and Virginia. (Bryson and Carter 1993; Byrd and Bryson 1999, Faircloth et al. 2005; 

Patterson et al.1980 and 1983; Van Loan et al. 2002; Willard et al. 1988 and 1990). Cogongrass 

is well recognized for its adverse economic, ecological and ecosystem impacts.  Additionally, 

consideration of the economics of the pine industry and the risks cogongrass may pose to human 

life and property via ignition of wildfires might magnify the benefit cost ratio (Jose et al. 2002; 

Miller, 2000). Lippincott (2000) described cogongrass as a powder keg for forest fires. 

Cogongrass competitively displaces native vegetation and strongly alters wildlife habitats, 

feeding and breeding grounds that could eventually lead to tremendous loss of biodiversity.  

1.2.2. Distribution and Biology of Cogongrass 

Typically, cogongrass grows in tropical, subtropical, and some temperate regions of the 

world (Akobundo and Agyakwa 1998; Bryson and Carter 1993) and is present in all continents 

except Antarctica (Holm et al. 1977; Hubbard 1944). It is found along the Mediterranean Sea in 

Europe and northern Africa to the Middle East. It is most wide spread in Asia infesting over 70 

million acres (Garrity et al.1993). It also occurs throughout Southeast Asia, Indonesia and the 

Pacific Islands and is estimated to occupy 8.5 to more than 64 million hectares of land in 

Indonesia (Garrity et al.1996; Suryanta and McIntosh, 1980). Large and solid cogongrass stands 

in these areas are often called mega-grasslands, imperata savannas or sheet imperata. In African 
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continent, cogongrass is prevalent in the West African countries, and in the eastern countries of 

Egypt, Sudan, Ethiopia (Holm et al. 1977). It is also found in western South America whereas its 

very close relative, Brazilian satintail (Imperata brasiliensis Trin.) is found in central South 

America. In the United States it is a federal noxious weed in several southeastern states. 

Cogongrass is characterized by C4 photosynthesis mechanism, wide environmental and 

edaphic adaptability, rapid vegetative growth, high genotypic variability and tremendous 

reproductive potential from rhizomes as well as seeds (Bryson et al. 2010; Capo-chichi et al. 

2008; Sajise, 1972; Vergara et al. 2008). The vegetative propagation via rhizomes, however, is 

the predominant mode of regeneration (Dickens and Moore, 1974; Hubbard et al. 1944; Sajise, 

1976; Wilcut et al. 1988a; Wilcut et al. 1988b; Willard, 1988). Cogongrass is best adapted to full 

sun light but can also thrive under moderate shade (Hubbard et al. 1944). Gaffney (1996) and 

Ramsey et al. (2003) recorded a light compensation point of 32 to 35 mol m-2 s-1 indicating the 

ability to survive as an understory species. In a greenhouse experiment cogongrass was 

documented to tolerate an 89% reduction in light levels and resume rapid growth when exposed 

to full sunlight (Patterson 1980). Cogongrass shoots arise from subsoil, scaly rhizomes and reach 

lengths of 1.2 to 3 m (Brown 1944; Gabel 2003; Holm et al. 1977). Eussen (1980) observed that 

one rhizome of cogongrass can produce over 350 shoots in 6 weeks and cover up to 4 m-2 in 11 

weeks. Soerjani (1970) reported that over 2 million shoots of cogongrass could be present per 

acre. Cogongrass leaf blades are up to 1.5 m long and range from 1.0 to 28.0 mm wide with an 

off-centre mid vein and inflorescences are fluffy, silvery white ranging from 5.7 to 52.0 cm long 

(Gabel 2003). Single plant can produce over 3000 air-borne seeds that are capable of natural 

long-distance dispersal, and a common method of initiating new sites (Hubbard et al. 1944). 

Cogongrass seeds lack dormancy and remain viable for up to a year with the viability decreasing 
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sharply with the age. The wind wafted seeds are documented to travel long distances usually 

over 15 miles (Holm et al.1977). Wilcut et al. (1988a) attributed the long distance distribution 

and spread of cogongrass in Alabama from 1973 to 1985, along rights-of-way bordering 

interstate 65, to the seed dispersal by north-easterly winds blowing off the Gulf of Mexico. 

Similarly, King and Grace (2000) reported successful invasion via seeds in wet pine savannas in 

Grand Bay National Wildlife Refuge in Mississippi. However, the success of establishment from 

seed is very rare due to dependence upon soil disturbance (Kushwaha et al. 1983).  

Cogongrass spread within patches is primarily through the rhizomes (Willard et al. 1990). 

Ayeni (1985) reported a positive correlation of regeneration from rhizome with the age, weight, 

length, thickness and number of visible buds. Rhizomes are chiefly concentrated in the top 6-8 

inch soil and form more than 80% of total plant biomass. Terry et al. (1997) suggested that fresh 

weight of rhizomes can be as high as 40 tons per hectare which indicates strong regeneration 

potential from rhizomes. Tominga (1993) categorized cogongrass rhizomes into three types; 

pioneer rhizomes, secondary colonizing rhizomes and tillering rhizomes. Of these three types, 

the ‘‘pioneer’’ rhizomes are the largest (extend up to 25 cm from parent shoots) and thickest (3 

to 4 mm diameter) and are crucial for increase in patch size. Gaffney (1996) observed the 

presence of apical dominance in cogongrass rhizome and pointed out the inability of lateral buds 

to send out new shoots. Cogongrass has a wide shoot-to-root ratio ranging from 0.40 to 1.4 

(Sajise, 1972; Saxena and Ramakrishnan 1981). It effectively competes with native vegetation 

for nutrients, light, and water, and cause physical injury by piercing the roots of other plants 

(Boonitee and Ritdhit, 1984; Eussen and Soerjani, 1975; Jagoe, 1938). It is highly efficient in 

extracting moisture from shallow soil depths compared with other perennial grasses and is 

therefore more competitive (Dozzier et al 1998). It also exerts adverse effect on the surrounding 
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vegetation via allelopathy (Casini et al. 1998; Eussen 1979; Koger and Bryson 2004; Koger et al. 

2004). Cogongrass can produce several different phenolic compounds such as caffeic, ferulic, p-

hydroxybenzoic, p-coumaric, vanillic, chlorogenic and syringic acids that exert allelopathic 

action to inhibit neighboring plants’ growth (Hussain and Abidi 1991).  Phenolic compounds 

present in foliage, roots, and rhizomes of cogongrass may be responsible for the allelopathic 

inhibition of germination and seedling development of surrounding plant species (Inderjit and 

Dakshini, 1991). 

1.2.3. Ecological Importance 

The increasing invasion of nonnative and invasive species is being perceived as a major 

threat to the biodiversity and stability of natural ecosystems (Sandlund et al. 1999; Callaway and 

Aschehoug, 2000; Smith and Knapp, 2001). Adverse impacts of nonnative invasive species in 

natural ecosystems have been well established. Invasive species have been documented to alter 

fire regimes (Brooks et al. 2004; Lippincott 2000), nutrient cycling (Ashton et al. 2005; 

Ehrenfeld  2003; Windham and Ehrenfeld 2003), disturbance regimes (Mack and D’Antonio 

1998) and numerous  other ecosystem level properties (Gordon 1998; Vitousek and Walker 

1989; Vitousek et al. 1987). 

Cogongrass invasion has been documented to reduce forest productivity (Daneshgar et al. 

2008), alter nutrient availability (Daneshgar and Jose 2009a), and decrease native species 

biodiversity (Collins et al. 2007). Cogongrass has been reported to reduce available nutrients 

such as nitrogen and potassium (Collins and Jose 2008), and is recognized as a superior 

competitor for phosphorus as well (Brewer and Cralle 2003). In addition, Daneshgar and Jose 

(2009a) documented a 63% reduction in total nitrogen in loblolly pine seedlings grown in 
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association with cogongrass compared to seedlings grown in association with native understory 

plants in northwest Florida. Same study reported 39% more storage of nitrogen in below ground 

rhizome or root biomass of cogongrass compared to native understory species. While cogongrass 

invasion has been well recognized to decrease vegetation diversity, however, the native species 

richness does not affect the ability of cogongrass to invade native communities (Collins et al. 

2007; Daneshgar and Jose (2009a). Several native and non-native desirable plant species are 

highly vulnerable to cogongrass invasion. Bahiagrass (Paspalum notatum L.), a turf species is 

very susceptible to cogongrass invasion and is being infested and displaced by cogongrass in 

Florida (Busey and Myers 1979; Shilling et al. 1997; Watson and Burson 1985; Willard and 

Shilling 1990). Cogongrass invasion poses a serious threat to endangered species such as the 

gopher tortoise (Gopherus polyphemus Daudin) and Camp Shelby burrowing crayfish 

(Fallicambarus gordonii Itzpatrick) due to habitat displacement. Apprehensions are that the 

habitats of whitetail deer, turkey, dove, squirrel, quail, and rabbit will be destroyed by vast 

cogongrass expanses that tend to eliminate their foraging and breeding grounds (Miller 2007). 

Being a pyrogenic species, cogongrass highly benefits from fire hazards for establishing 

monoculture stands and thereby, reduces the diversity of the native vegetation (Brewer 2008; 

Lippincott, 2000). Cogongrass thatch fires can destroy most other aboveground native vegetation 

which creates huge monoculture expanses, maintains vegetative dominance, creates openings for 

cogongrass seedling establishment and alters natural ecosystems (Bryson and Carter 1993; 

Dozier et al. 1998; Eussen and Wirjahardja 1973; Garrity et al. 1996; Lippincott 2000; Shilling et 

al. 1995; Soerjani and Soemarwoto 1969). Typically, Cogongrass fires are 15 to 20% hotter and 

more intense than natural fires in pine-based ecosystems in the Southern U.S. 
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1.2.4. Cogongrass Management 

For invasive species management, early detection and eradication are the keys to success 

than trying to manage large, well-established infestations (DiTomaso 2000; Mullin et al. 2000; 

Rejma´nek and Pitcairn 2004; Westbrooks 2004).  Choice of a management option depends upon 

a number of factors that include habitat type, nature and extent of infested area, efficacy of 

available methods, environmental safety and availability of funds etc. Management options often 

used in developing countries to control cogongrass include slashing, hand-weeding, burning, 

deep tillage, use of cover crops, and herbicides (Akobundo and Ekeleme 2000; Chikoye et al. 

1999; Feuillette et al. 1994; Ivens 1980). Chikoye et al. (1999) indicated that only 3% of farmers 

use herbicides to control cogongrass in West Africa due to various economical and technical 

reasons. However, such non-chemical control methods have limited success and cannot provide a 

sustainable control of cogongrass (Anoka et al. 1991).  Further, due to its vigorously growing 

and extensive rhizome system, cogongrass is highly difficult to manage even with herbicides 

(Bryson et al. 2007; Dickens and Buchanan 1975; Faircloth et al. 2003; Johnson et al. 1999; 

Miller 2000; Tominga 1993; Udensi et al. 1999).  Additionally, the control may vary depending 

on the age and rhizome mat density and depth (Faircloth 2004; Johnson 1999).  

Mechanical weed management options such as disking and mowing have been shown to 

temporarily reduce cogongrass biomass, (Faircloth 2004; Gaffney 1996; Johnson 1999b; Willard 

et al. 1996).  However, repeated deep tillage has been reported as an effective method to control 

cogongrass (Willard et al. 1996). Burning alone tends to promote cogongrass infestation, 

however, early spring burning is recommended, where feasible, to get rid of dead thatch and 
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promote maximum growth for herbicide to come into contact with (Johnson 1999a; Lippincott 

2000, Yager 2007).  

Several biological control options have also been attempted for cogongrass management. 

A wide variety of natural enemies of cogongrass, including over 80 pathogens, 90 insects, and 

several nematodes and mites, have been documented world-wide (Van Loan et al. 2002). A gall 

midge (Orsioliella javanica Kieffer), has been reported as a specific pest of cogongrass 

(Soerjani, 1970; Mangoendiharjo, 1980). Yandoc et al. (1999) discovered an isolate of Bipolaris 

sacchari that causes leaf lesions and severe foliar blighting on cogongrass. Some researchers 

have suggested that dense and abundant woody vegetation along forest edges serves as biotic 

resistance to invasion by creating a vegetative barrier to dispersal, growth, or establishment of 

invasive species (Brothers and Springarn 1992; Cadenasso and Pickett 2001). Yager et al. (2010) 

observed that clonal growth of cogongrass was reduced in pine forests having dense shrub mid-

story and also noticed that cogongrass growth was inversely related to shrub cover. 

Chemical control of cogongrass has been shown to be cheaper and more effective 

(Akobundu 1993; Chikoye et al. 2001). Several herbicides are tested for the control of 

cogongrass; chemicals such as dalapon, glyphosate, imazapyr, glufosinate, and sulfometuron etc 

have been reported to give varied control of cogongrass, depending on the rate of application, 

climate, and soil type (Akobundu 1992; Willard et al. 1997). The most effective herbicides for 

cogongrass management include glyphosate and imazapyr (Akobundo 1993; Dozier et al. 1998; 

Udensi et al. 1999). Both glyphosate and imazapyr are systemic herbicides that translocate 

throughout the plant. However, they differ in their mechanisms-of-action. Imazapyr is an 

imidazolinone herbicide that works by binding to the acetolactate synthase enzyme, thereby 

preventing synthesis of the branched-chain amino acids leucine, isoleucine, and valine (Shaner 
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and O’Connor, 1991).  Glyphosate works by binding to the EPSPS enzyme thereby preventing 

the synthesis of aromatic amino acids tryptophan, tyrosine and phenylalanine (Devine et al. 

1993). 

  Imazapyr has a long soil residual effect and prevent reestablishment of most of the 

desirable native vegetation which is critical for re-habitation process (Byrd and Bryson 1999; 

Johnson et al. 1999a). Higher rates of these herbicides provide partial control of cogongrass up to 

1 yr after application (Miller 2000), therefore, multiyear applications are required to achieve 

satisfactory control of cogongrass (Johnson et al. 1999a). Single application of soil sterilant 

herbicides such as bromacil or diuron + imazapyr has been shown to provide acceptable but 

expensive cogongrass control (Dickens and Buchanan 1975; Johnson et al. 1999a). Gaffney 

(1996) evaluated influence of chemical herbicides and two plant species, bermudagrass 

(Cynodon dactylon L.) and hairy indigo (Indigofera hirsuta Harvey), in suppressing cogongrass 

and preventing its re-infestation. Results indicated that the application of herbicides and the 

presence of the two plant species suppressed cogongrass for up to 2 yr after seeding. 

Time of application of herbicide has also been reported to influence the efficacy of 

herbicides on cogongrass. Fall-season application (September to November) of  glyphosate or 

imazapyr have been shown to be more effective due to better translocation of herbicides to the 

underground rhizomes since the photosynthates are being  channelized towards 

rhizomes(Faircloth et al. 2005; Johnson 1999a; Miller 2007:Shilling et al. 1997; Tanner et al. 

1992).  Similar results were obtained with fall applications of herbicides for controlling other 

weed species including leafy spurge (Euphorbia esula L.) (Lym and Messersmith, 1990), redvine 

(Brunnichia ovate L.) (Shaw and Mack, 1991), and torpedograss (Panicum repens L.) (Smith et 

al.1993). 
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1.2.5. Cogongrass Eradication 

The term ‘eradication’ is often misinterpreted, especially by public policy makers; it is 

not synonymous with the term ‘control’ (Zamora at al.1989).  Eradication is broadly defined as 

the destruction of every propagule of a species from an area surrounded by natural or manmade 

barriers sufficiently effective to prevent reinvasion except at man’s intervention (Newsom 1978, 

Zamora et al. 1989). Bomford and O’Brien (1995) define it as ‘complete and permanent 

elimination of all wild populations from a defined area by a time-limited campaign’. Despite the 

existence of evidence of successful eradication of several species, there is still a widespread view 

that eradication is not feasible. The fundamental reason for this view may be reverse hype, i.e., 

unsuccessful events are always much touted and widely criticized while the success stories are 

often under reported (Simberloff 2009). In the past, several invasive invertebrate species have 

been eradicated successfully (Klassen and Curtis 2005; Simberloff 2002a; Wittenberg and Cock 

2001). However, the eradication of invasive plants is often regarded as impossible owing to the 

existence of a soil seed bank for many species (Rejmanek and Pitcairn 2002). Contrarily, several 

weed eradication projects have been successful; eradication of sandbur (Cenchrus echinatus) 

from Laysan (Flint and Rehkemper 2002) and Bassia scoparia (Kochia scoparia L.) from a large 

area in Western Australia (Randall 2001). Several small scale eradications have also been cited 

by Mack and Lonsdale (2002) in Australia, New Zealand, and the United States. The success of 

an eradication project is largely governed by five crucial features: early detection and prompt 

action, knowledge of biology and ecology of the target species, a blanket eradication approach, 

unflagging motivation and availability of resources (Myers et al. 2000; Mack and Lonsdale 2002; 

Simberloff 2002b; Mack and Foster 2004).  Successful eradication of the Pacific alga Caulerpa 
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taxifolia from southern California (Merkel & Associates. 2006) is an outstanding example of the 

significance of quick and decisive action; whereas, the failure to eradicate this species in Europe 

owes to the lack of timely and decisive action (Meinesz 2001). Although early detection and 

prompt action are not absolutely necessary, the eradication of populations confined to a small 

area is much more cost-effective and may have a high probability of success (Simberloff 2009; 

Soria et al. 2002). Eradication of witchweed (Striga asiatica M. Vahl) is an example of a large 

scale campaign against a long established and widespread invasion, which has cost over 100 

million dollars to date (Eplee 2001).  As a result of this mega scale effort, witchweed infestations 

in the United States have been reduced from 200,000 ha in the early 1970s (Eplee 2001) to 

approximately 900 ha by the end of 2007. Clearly, the costs and rigors of invasive species 

eradication can be tremendous. However, invasive weed management decisions cannot be based 

solely upon benefit cost analyses of agricultural and forestry production areas. Therefore, if 

eradication is feasible, it should be attempted since it may be more cost-effective than any other 

control method (Wittenberg and Cock 2001). Bomford and O’Brien (1995) determined six 

criteria for assessing whether eradication is technically possible and preferable to continuing 

control. These six criteria include: 1) Rate of removal exceeds rate of increase at all population 

densities; 2) Immigration is zero; 3) All reproductive individuals must be at risk; 4) Target 

species can be detected at low densities; 5) Discounted benefit-cost analysis favors eradication 

over control and; 6) There must be a suitable socio-political environment. 

Often a management plan is specifically aimed at eradication of a species, but the 

methods are the same as those that would be used to reduce a population to an economically or 

ecologically acceptable level (Simberloff 1997). Recently, Alabama spent almost 6.3 million 

dollars on control and localized eradication of cogongrass infestations (Schelhas 2011). In the 
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context of cogongrass, the term eradication specifically insinuates complete elimination of all 

living propagules, both sexual (seed) as well as asexual (rhizomes) within a defined boundary.  

The current cogongrass eradication approach largely resembles the wild fire management 

paradigm which encompasses prevention, early detection, quick initial attack, integrated control 

and site rehabilitation (Dewey et al. 1995). Similar to wildfires, new invasive weed infestations 

frequently arise as a single plant or small patch followed by a slow growth lag phase which 

ultimately lead to exponential spread. The movement of seed or rhizomes by various dispersal 

agents exacerbates the problem as new ‘spot fire’ patches establish beyond the main infestation. 

Since the goals of eradication are much more rigid than weed control, eradication 

treatments must have extremely high efficacy (Zamora et al. 1989). Historically, several 

chemical and non-chemical methods have been tested for the control of cogongrass (Akobundu 

1992, 1993; Akobundu et al. 2000; Byrd and Bryson 1999; Dickens and Buchanan 1975; 

Gaffney 1996; Johnson et al. 1999; MacDonald et al. 2001 and 2002; Miller 2000; Ramsey et al. 

2003; Terry et al. 1997; Willard et al. 1996 and 1997). Glyphosate and imazapyr have been 

identified as the most effective herbicides for cogongrass management (Dozier et al. 1998; 

Udensi et al. 1999). Repeated applications of these herbicides over multiple years have been 

reported to provide greater than 95% control (Miller 2007). Fall-season applications (September 

to November) of  glyphosate or imazapyr have been shown to be more effective due to better 

translocation of herbicides to the underground rhizomes as photosynthates are directed towards 

rhizomes in the fall (Faircloth et al. 2005; Johnson 1999 and 2000; Miller 2007; Shilling et al. 

1997). However, the focus of all of these previous research efforts was only to attain satisfactory 

control of cogongrass, not eradication. To date, no research has been published on methods 

suitable for the eradication of cogongrass patches. Since cogongrass seeds are very short lived in 
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the environment (MacDonald 2004), eliminating the dense, rhizome mat is very likely the 

limiting factor for successful eradication in most situations. Previous researchers have observed 

low spikelet fill (0 to 40 %), short seed viability (< 16 months), and poor seedling survival 

(Sajise, 1972; Santiago, 1974; Dickens, 1976; Santiago, 1980; Kushwaha et al. 1983; Hopkins 

and Graham, 1984). Additionally, glyphosate and imazapyr herbicides reduce cogongrass cover 

and seedhead production more than 80 % and 97 %, respectively, up to a year following 

treatment (Enloe et al. 2012). Byrd (2007) reported reduction in number of viable seeds 

following treatment with several herbicides. In light of these views, we assumed non-existence 

of a viable cogongrass seed bank in the treated plots. Therefore, our primary objective in this 

study was to determine the feasibility of cogongrass patch eradication while targeting elimination 

of the entire rhizome layer. Our overall research questions were as follows: 

1) Can glyphosate and/or imazapyr be effective for cogongrass patch eradication? 

2) Does the combination of glyphosate and imazapyr improve cogongrass control over 

either herbicide alone? 

3) Does the timing of repeated herbicide applications (spring, summer, or fall) influence 

the effectiveness of glyphosate and imazapyr for cogongrass patch eradication? 

4) Do repeated herbicide treatments influence energy levels or depth of surviving 

rhizomes?  
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Chapter 2 

Integrated Palmer amaranth Management in Glufosinate-resistant Cotton: I. Soil-inversion, High 

Residue Cover Crops and Herbicide Regimes 

2.1. Abstract 

A three year field experiment was conducted to evaluate the role of soil-inversion, cover 

crops and herbicide regimes for Palmer amaranth between-row (BR) and within-row (WR) 

management in glufosinate-resistant cotton. The main plots were two soil-inversion treatments: 

fall inversion tillage (IT) and non-inversion tillage (NIT). The subplots were three cover crop 

treatments: crimson clover, cereal rye and winter fallow; and sub subplots were four herbicide 

regimes: preemergence (PRE) alone, postemergence (POST) alone, PRE + POST and a no 

herbicide check (None). The PRE herbicide regime consisted of a single application of 

pendimethalin at 0.84 kg ae ha−1 plus fomesafen at 0.28 kg ai ha−1. The POST herbicide regime 

consisted of a single application of glufosinate at 0.60 kg ai ha−1 plus S-metolachlor at 0.54 kg ai 

ha−1 and the PRE + POST regime combined the prior two components. At 2 weeks after planting 

(WAP) cotton, Palmer amaranth density, both BR and WR, was reduced ≥ 90% following all 

cover crop treatments in the IT. In the NIT, crimson clover reduced Palmer amaranth density > 

65% and 50% compared to winter fallow and cereal rye covers, respectively. At 6 WAP, the 



 
 

64 
 
 

PRE and PRE + POST herbicide regimes in both IT and NIT reduced BR and WR 

Palmer amaranth density > 96% over the three years. Additionally, the BR density was reduced ≥ 

59% in no-herbicide (None) following either cereal rye or crimson clover when compared to no-

herbicide in the winter fallow. In IT, PRE, POST and PRE + POST herbicide regimes controlled 

Palmer amaranth > 95% 6 WAP. In NIT, Palmer amaranth was controlled ≥ 79% in PRE and ≥ 

95% in PRE + POST herbicide regimes over three years. POST herbicide regime following NIT 

was not very consistent. Averaged across three years, Palmer amaranth controlled ≥ 94% in PRE 

and PRE + POST herbicide regimes regardless of cover crop. Herbicide regime effect on cotton 

yield was highly significant; the maximum cotton yield was produced by the PRE + POST 

herbicide regime. Averaged over three years, the PRE, POST and PRE + POST cotton yields 

were about three times higher than no herbicide regime. In a conservation tillage production 

system, a PRE + glufosinate POST herbicide based regime coupled with a cereal rye cover crop 

may effectively control Palmer amaranth and maximize cotton yields. 

2.2. Introduction 

Palmer amaranth (Amaranthus palmeri S.Wats) is a highly aggressive dioecious row crop 

weed in the Southeastern US [1]. It has several unique weedy characteristics including rapid 

growth of > 5 inches a day during peak growth and can attain a final height of ≥ 2 m [2]. It is a 

prolific seed producer; a single female plant can produce more than 600,000 seeds, which have 

an average diameter of 1.0 mm [3]. In addition, Palmer amaranth has exceptional drought–

tolerance and can endure moisture stress very well [4–7]. Palmer amaranth is highly problematic 

and interferes with the production of crops such as cotton, corn (Zea mays L.), cucurbits, grain 

sorghum (Sorghum bicolor L. Moench), peanut (Arachis hypogea L.), potato (Solanum 
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tuberosum L.), soybean (Glycine max L.), sweet potato (Ipomoea batatas L.) and several 

vegetable crops [8–21].  

The occurrence of glyphosate resistance in Palmer amaranth has challenged cotton-weed 

managers in the Southeastern US. Until 2005, glyphosate had been very efficacious on Palmer 

amaranth [22–24]. However, the extensive adoption of glyphosate-resistant technology virtually 

replaced the conventional weed control technology consisting of preplant incorporated (PPI), 

preemergence (PRE), postemergence (POST) and post-directed (PDS) applied herbicides [25]. 

The sole reliance on glyphosate has resulted in selection for resistant biotypes of Palmer 

amaranth. Glyphosate resistant in Palmer amaranth was first documented in Macon County 

Georgia, in 2006 [26, 27]. As of 2010, glyphosate-resistant Palmer amaranth populations have 

been confirmed in 10 states [28]. Additionally, the Palmer amaranth populations resistant to 

dinitroaniline herbicides have been also reported [28, 29]. 

Historically, cotton was grown in conventional tillage utilizing primary and secondary 

tillage including moldboard plowing, disking and cultivation. However, increasing input costs, 

low commodity prices, and concerns for declining soil organic quality, and in some regions 

subsoil compaction, necessitated the adoption of alternative tillage options such as strip-tillage 

production systems that utilize a within row subsoiler to disrupt soil compaction under the crop 

row and minimizes surface residue disturbance [30,31]. Consequently, inadequate weed control 

has been reported in some conservation-tillage cotton production [32]. The infestation of small-

seeded annual weeds such as Palmer amaranth has often been attributed to conservation tillage 

systems that preclude burial of weed seed. Moldboard plowing with soil inversion to the depth of 

30 cm (12 in) has been shown to reduce glyphosate-resistant Palmer amaranth emergence 46% to 

60% because many of the weed seeds are placed at depths which prevent emergence [33, 34]. 
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However, the return to conventional tillage to control glyphosate-resistant Palmer amaranth 

threatens to reduce conservation tillage practices. Some researchers [35, 36] advocate the 

integration of traditional and alternative weed control strategies, such as the utilization of crop 

and herbicide rotation and integration of high residue cereal cover crops in order to sustain 

conservation tillage practices. 

Over the last decade, the inclusion of cover crops in conservation-tillage systems has 

been researched due to the ability of some cover crops to suppress early-season weed density and 

growth either through direct competition from cover crop biomass [37–41] or through 

allelopathy [42–47]. Cereal rye (Secale cereale L.) has been well documented for both high 

biomass potential and allelopathic properties by several researchers [42, 43, 48–52]. Several 

studies on cover crops have reported excellent early-season weed control that can preclude the 

use of preemergence herbicides in crops [39, 41, 52–59]. However, the success of a cover crop in 

early-season weed suppression is determined by the biomass production potential which varies 

with year, location and management practices [37, 48, 53, 56, 60]. It has been observed that 

cereal rye residue alone was effective in reducing the glyphosate-resistant Palmer amaranth 

emergence by 94% in the row middle and 50% within the row [34]. The use of high residue 

cover crops in conjunction with chemical and cultural weed control tactics could provide 

effective Palmer amaranth control in established glyphosate-resistant populations as well as help 

prevent the development of resistance in the remaining glyphosate-susceptible populations [61]. 

Thus, the inclusion of cover crops in conservation tillage system may provide weed control 

benefits similar to those realized from inversion tillage in conventional tillage system. 

With the widespread appearance of glyphosate–resistant Palmer amaranth, cotton 

producers are considering other weed management options such as inversion tillage, surface 
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tillage, and increased integration of soil active herbicides, cover crops and adoption of alternative 

GMO herbicide-crop systems such as glufosinate resistant cotton technology. Although inversion 

tillage can improve control of glyphosate-resistant Palmer amaranth, increased input costs and 

potential soil erosion are significant challenges. However the integration of cover crops and 

glufosinate-resistant cotton technology are possible viable alternatives. Therefore, a field study 

was conducted to evaluate the role of soil inversion, cover crops and herbicide regimes for 

Palmer amaranth management in glufosinate-resistant cotton. 

2.3. Materials and Methods 

A three year field experiment was conducted from fall 2008 through 2011 at the E.V. 

Smith Research Center, Field Crops Unit near Shorter, AL on a Compass sandy loam soil 

(coarse-loamy, siliceous, subactive, thermic Plinthic Paleudults) with 1.9% to 2.1% organic 

matter and pH 6.2 to 6.4. The experiment occupied a site that had been in continuous strip-tillage 

for the previous six years prior to experiment establishment, infested with a mixed population of 

resistant and susceptible Palmer amaranth, and subsequent treatments remained in the same 

location for three years without re-randomization of treatments. The experimental design 

consisted of a split-split plot treatment restriction in a randomized complete block design with 

three replicates. The main plots (43.9 by 9.1 m) were two soil-inversion treatments: fall inversion 

tillage (IT) and non-inversion tillage (NIT). After establishment, all IT plots reverted to NIT in 

future years. The subplots (14.6 by 9.1 m) were three different cover crops: crimson clover, 

cereal rye and winter fallow. The sub subplots (3.6 by 9.1 m) were four different herbicide 

regimes: preemergence (PRE) alone, postemergence (POST) alone, PRE + POST, and a no-

herbicide check (None). A schedule of operations performed each year is given in Table 2.1. 
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2.3.1. Soil inversion, Cover Crops, and Cover Crop Management 

In the fall 2008, approximately 28 million native glyphosate susceptible Palmer amaranth 

seeds were broadcast per hectare to ensure a sizeable seedbank. Half of each replicate was 

subjected to fall inversion tillage (IT) by moldboard plowing (30 cm) immediately fb one pass 

each of a disk and field cultivator, and half was under non-inversion tillage (NIT) using a within-

row subsoiler equipped with pneumatic tires only to close the subsoiling slot. Subsequently each 

year in the fall, cereal rye (var. ‘Elbon’ in 2009 and 2010 and ‘Wrens Abruzzi’ in 2011) and 

crimson clover (Trifolium incarnatum L.) var. ‘Dixie‘ cover crops were planted using 101 and 28 

kg ha−1 seed, respectively in both the IT and NIT. Different cereal rye varieties were planted due 

to seed availability; Wrens Abruzzi has been shown to be more allelopathic [62]. In 2009 and 

2010, frequent rain delayed both the harvesting of cotton and subsequent planting of cover crops 

[36]. Cereal rye cover was fertilized using 34 kg ha−1 of a 33-0-0 fertilizer. A winter fallow 

control was also included as check.  

Cover crops were rolled with a three section straight bar roller/crimper (Bigham Brothers, 

Inc., Lubbock, TX, USA) in late April or early May using a JD 7730 equipped with an AutoSteer 

GPS. Cover crop rolling was immediately followed by an application of glyphosate (Roundup 

Weathermax®, Monsanto Company, St. Louis, MO, USA) at 0.84 kg ae ha−1 plus glufosinate 

(Ignite®, Bayer Crop Science, Research Triangle Park, NC, USA) at 0.49 kg ae ha−1. The mixture 

was needed to enhance crimson clover termination. Cover crop biomass samples were taken 

prior to desiccation and oven dry biomass was recorded. The entire experimental area was sub-

soiled in May using the previously described equipment to remove hardpan induced interactions; 

thus, no hardpans existed throughout the experimental area which could likely bias the yield 
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results. Subsoiling was followed by planting of glufosinate-resistant cotton (FM 1845 LLB2 in 

2009, and FM 1735 LL, in 2010 and 2011, Bayer Crops Science, Research Triangle Park, NC). 

Each year, cotton was fertilized using 211 kg ha−1 of 16-16-16 fertilizer at the time of planting. 

2.3.2. Herbicide Regimes 

Four herbicide regimes constituted the sub-sub plot treatments. The PRE herbicide 

regime consisted of a single application of pendimethalin (Prowl®, BASF Ag. Products, 

Research Triangle Park, NC, USA) at 0.84 kg ae ha−1 plus fomesafen (Reflex®, Syngenta Crop 

Protection, Inc., Greensboro, NC, USA) at 0.28 kg ai ha−1. The POST herbicide regime consisted 

of a single application of glufosinate at 0.60 kg ai ha−1 plus S-metolachlor (Dual II Magnum®, 

Syngenta Crop Protection, Inc., Greensboro, NC, USA) at 0.54 kg ai ha−1 and the PRE + POST 

regime consisted of both the aforementioned PRE and POST regimes. PRE herbicides were 

applied with a CO2-pressurized backpack sprayer calibrated to deliver 145 L ha−1 with 8002 flat-

fan nozzles. POST herbicides were applied to 3 to 4 lf Palmer amaranth between 15 and 20 days 

after planting cotton with an ATV-mounted sprayer delivering 145 L ha−1 with 8002 flat-fan 

spray nozzles. A last application (LAYBY) directed spray consisting of a prometryn (Caporal®, 

Syngenta Crop Protection, Inc., Greensboro, NC, USA) at 0.84 kg ai ha−1 + MSMA (Drexel 

Chemical Company, Memphis, TN) at 1.4 kg ai ha−1 was applied. Sethoxydim (Poast Plus®, 

Bayer AG. Products, Research Triangle Park, NC, USA) was applied at 0.28 kg ai ha−1 as needed 

to maintain grass control. 
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2.3.3. Herbicide Palmer Amaranth Sampling and Control Ratings  

Palmer amaranth density was recorded once before the application of POST and again 

before the LAYBY application. Between-row (BR) Palmer amaranth density was recorded as 

number of plants in a quadrat (0.25 m−2) randomly placed at 4 different positions between the 

2nd and 3rd row of a four-row cotton plot. Similarly, the within-row (WR) Palmer density was 

recorded from a quadrant (0.25 m−2) randomly placed at 4 different positions within the 2nd and 

3rd rows. Palmer amaranth control was assessed visually at weekly intervals, starting a week 

after application of PRE until LAYBY application. A 0 to100 scale was used where 0 and 100 

indicate no control and complete control, respectively. Each year, the Palmer amaranth was hand 

removed from all the plots before application of LAYBY to facilitate harvest. Therefore, Palmer 

amaranth was 100% controlled in each plot after LAYBY until cotton harvest. Cotton yields 

were recorded by mechanically harvesting two center 9 m rows within each four-row plot with a 

spindle picker.  

2.3.4. Statistical Analysis 

Three years data were subjected to combined ANOVA using Proc GLIMMIX in SAS 

(version 9.2, SAS Institute, Inc., Cary, NC, USA). Year, soil-inversion, cover crop, herbicide 

regime and their interactions were treated as fixed effects, while replication, replication x year, 

replication × soil-inversion, and replication × soil-inversion × cover crop were treated as random 

effects. When year and its interaction with other factors were significant, data were analyzed and 

presented by year. Palmer amaranth visual control data were arcsine-transformed and Palmer 

amaranth density data were square root transformed. However, the original and transformed data 
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analyses gave similar results, thus non-transformed data are presented. Multiple mean 

comparisons were made using the ‘adj = simulate’ option in the statistical analysis system at the 

5% significance level. 

2.4 Results 

2.4.1 Cover Crop Biomass  

Analysis of the three year data revealed significant effect of type of cover crop only. 

Averaged over three years, the maximum cover crop biomass was produced by cereal rye (4047 

kg ha−1) fb crimson clover (3570 kg ha−1) that was significantly more than and winter fallow 

(1253 kg ha−1). 

2.4.2 Palmer Amaranth Density  

Palmer amaranth density at 2 WAP revealed significant year by treatment interactions. 

Therefore data are presented by year. A soil-inversion by cover crop interaction was observed for 

both BR and WR density at 2 WAP in 2008–2009 and 2010–2011 while only the IT main effect 

was significant in 2009–2010. The highest BR and WR density of 49 and 35 plants m−2, 

respectively, occurred in winter fallow following NIT in 2009–2010 (Table 2.2). In 2008–2009 

and 2010–2011, crimson clover reduced Palmer amaranth density by as much as 96% BR and 

82% WR in NIT. Similar reductions in Palmer amaranth and other weed densities by cover crop 

residues have been reported [63, 64–66]. Both BR and WR density was reduced > 90% 

following all cover crops in the IT. Each year with IT both BR and WR density of Palmer 

amaranth, was ≥ 90% lower than with NIT (Table 2.2). Furthermore each year at 2 WAP, Palmer 
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amaranth was 100% controlled by the PRE and PRE + POST herbicide regimes that received a 

PRE application within two days of planting (data not shown). 

At 6 WAP, the effect of year and its interactions with other factors were not significant. 

However, both the BR and WR density demonstrated strong interaction of soil-inversion by 

herbicide regime. Additionally, a cover crop by herbicide regime interaction (P < 0.0001) was 

detected, for BR density only. The BR and WR density was markedly reduced (≤1 plant m−2) 

under PRE, POST and PRE + POST herbicide regimes following IT and PRE and PRE + POST 

herbicide regimes following NIT (Table 2.3).  

The Palmer amaranth density, both BR and WR, was reduced ≥ 77% in no-herbicide 

regime (None) following IT when compared to no-herbicide regime following NIT. The PRE 

and PRE + POST herbicide regimes in both IT and NIT reduced BR and WR density ≥ 96%. 

With the cover crop by herbicide regime interaction, the BR density was reduced ≥ 55% in no-

herbicide (None) following either cereal rye or crimson clover when compared to no-herbicide in 

the winter fallow (Table 2.4).  

PRE, POST and PRE + POST herbicide regimes’ Palmer amaranth density was similar 

but lower than the no-herbicide (None) regime following any cover crop. However, the PRE and 

PRE + POST herbicide regimes were very consistent in reducing Palmer amaranth density 

(>95%) following all the cover crops. Earlier research also indicated the need of either a PRE or 

PRE + POST herbicide regime to supplement partial weed control obtained following different 

cover crops in a conservation tillage system [63]. Previous researchers also reported similar 

cover crop by herbicide interaction effect [67]. Excellent control of Palmer amaranth with a 

combination of pendimethalin and fomesafen has been reported [68]. 
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2.4.3. Palmer Amaranth Visual Control 

Palmer amaranth visual percent control at 6 WAP reflected significant year by treatment 

interactions. Analysis by year also indicated significant two way interactions between soil-

inversion and herbicide regime and cover crop by herbicide regime each year. Additionally, a 

soil-inversion by cover crop interaction was highly significant in 2010–2011 (P = 0.0007). All 

main effects were also highly significant each year (P < 0.0001). In 2008–2009, Palmer 

amaranth was controlled 38%, 79%, and 95% in POST, PRE and PRE + POST herbicide 

regimes, respectively, following NIT while all herbicide regimes following IT provided ≥ 91% 

control (Table 2.5). 

In 2009–2010 and 2010–2011, both PRE and PRE + POST herbicide regimes controlled 

Palmer amaranth ≥ 93% regardless of the soil-inversion treatment. In 2009–2010, the POST 

herbicide regime controlled Palmer amaranth 84 and 97% in NIT and IT, respectively. However 

in 2010–2011, POST herbicide regime controlled Palmer amaranth 100% in both soil-inversion 

treatments. The reason for poor performance of the POST herbicide regime in NIT in 2008–2009 

is likely attributed to the oversized (> 10 cm) Palmer amaranth plants at the time of application.  

Cover crop by herbicide regime interaction over the years revealed ≥ 94% control of 

Palmer amaranth in PRE and PRE + POST herbicide regimes regardless of type of cover crop 

(Table 2.6). The POST herbicide regime following both winter fallow and cereal rye provided 

83% control of Palmer amaranth and was similar to the POST following crimson clover. 

However, Palmer amaranth control varied from 36% to 63% in no-herbicide (None) regime 

following different cover crops. Analysis revealed a soil-inversion by cover crop interaction in 

2010–2011; Palmer amaranth control following different cover crops varied from 75% to 82% in 
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NIT and 89% to 100% in IT, respectively (Figure 2.1). Both cereal rye and crimson clover in IT 

gave significantly higher Palmer amaranth control (≥ 97%) than winter fallow in both IT and 

NIT and crimson clover and cereal rye in NIT. Previous research indicates the need to utilize 

residual herbicides throughout the season to aid in management of glyphosate resistant Palmer 

amaranth [69–72]. 

2.4.4. Cotton Yield 

Analysis of the yield data revealed significant effect of herbicide regimes only. Although 

the cotton yield differences were not significant between PRE, POST and PRE + POST herbicide 

regimes, the maximum cotton yield was produced by the PRE + POST herbicide regime (1878 

kg ha−1) followed by POST (1658 kg ha−1) and PRE (1532 kg ha−1) alone regimes. PRE, POST 

and PRE + POST herbicide regimes’ cotton yields were ≥ 2.7 times higher than no-herbicide 

(None) regime (Table 2.7). 

2.5. Discussion and Conclusions 

Recent evolution of herbicide resistance in Palmer amaranth has revealed that an urgent 

restructuring of weed management tactics is needed. Consequently, integration of various weed 

management approaches such as IT, cover crops, crop rotations, competitive cultivars, herbicide 

rotation, soil residual chemistries and tank mixture of herbicides with different modes of action 

could diversify the weed control practices and thereby preclude the selection pressure for 

herbicide resistance. Furthermore, the longevity of herbicide resistant technology itself 

necessitates the inclusion of multiple tactics in weed management systems.  
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Fall-inversion tillage offers improved Palmer amaranth control by allowing the deep 

burial of seed. Considering the rapid loss of Palmer amaranth seed viability with time, IT would 

help reduce the amount of viable seed near the surface [73]. However, IT is well known to 

deplete soil quality parameters such as soil organic matter while simultaneously increasing soil 

erosion. An occasional rotation with IT immediately followed by a cover crop conservation-

tillage system could diversify weed management systems and prevent soil erosion. There is a 

great need of practical weed management solutions on farms severely impacted by glyphosate 

resistant Palmer amaranth [74].  

Our research evaluated soil-inversion, cover crops and alternative herbicide regimes as an 

integrated approach to managing Palmer amaranth. Results indicate that IT alone resulted in ≥ 

77% control of Palmer amaranth 6 WAP due to Palmer amaranth seed burial; addition of winter 

cover crops further increased Palmer amaranth control. Cover crops alone in NIT provided ≤50% 

control of Palmer amaranth; thus indicating the need in both IT and NIT to integrate other 

effective weed management practices to protect cotton yields. In an IT-cereal rye cover crop 

situation, a PRE or POST alone herbicide regime was as effective as a PRE + POST regime due 

to lower Palmer amaranth densities. However, with NIT, an effective and timely PRE + POST 

herbicide regime was necessary to control the higher Palmer amaranth densities present in this 

situation. Overall, the PRE + POST herbicide regime resulted in the maximum Palmer amaranth 

control and higher cotton yields in both soil-inversion treatments (Table 8). 

The highest Palmer amaranth densities, regardless of soil-inversion treatment and 

herbicide regime, were consistently recorded in the winter fallow situation. Therefore, in a 

conservation tillage production system, a PRE + glufosinate POST herbicide based regime 



 
 

76 
 
 

coupled with a cover crop may effectively control Palmer amaranth and maximize cotton yields 

(Table 8).  
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Figure 2.1. Soil inversion by cover crop interaction on Palmer amaranth control in 2011.  
               Different letters indicate significant differences at P = 0.05.  
             *Abbreviations: IT, fall–inversion tillage; NIT, non-inversion tillage. 
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Table 2.1. Schedule of operations performed during the experiment 

Operations Experiment years 
2008–2009 2009–2010 2010–2011 

Broadcasting Palmer amaranth seed 19 Nov – – 
Fall inversion tillage 19 Nov – – 
Planting of cover crops 20 Nov 6 Jan 2 Dec 
Rolling and termination of cover crops 22 Apr 18 May 19 Apr 
Subsoiling 23 Apr 24 May 26 Apr 
Cotton planting 1 Jun 27 May 5 May 
Fertilization (16-16-16) 1 Jun 27 May 5 May 
PRE application 3 Jun 27 May 6 May 
POST application 16 Jun 16 Jun 24 May 
Graminicide application (Poast Plus® + COC) 13 July 8 July 6 July 
LAYBY application 14 Aug 16 Aug 19 July 
Cotton defoliation 26 Oct 14 Oct 13 Sep 
Cotton harvesting 9 Nov 20 Oct 30 Sep 
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Table 2.2. Influence of soil-inversion and cover crop on Palmer amaranth    density at 2 WAP 

over three production years 

Experimental variable Palmer amaranth density (plants m−2) 

Soil-inversion Cover crop 
2008–2009 2009–2010 2010–2011 

BR * WR BR WR BR WR 

Non-inversion 
(NIT) 

Winter fallow 10 a ** 11 a 49 a 35 a 22a 17 a 
Crimson clover 3 b 2 c 29 ab 26 a 1 c 6 c 

Cereal rye 9.0 a 7 b 18 b 31 a 10 b 12 b 
Mean 7.3 A 6.7 A 32.0 A 30.7 A 11.0 A 11.7 A 

Fall-inversion 
(IT) 

Winter fallow 1 c 0 c 2 c 2 c 2 c 1 d 
Crimson clover 0 c 0 c 2 c 0 c 0 c 0 d 

Cereal rye 1 c 1 c 3 c 2 c 0 c 1 d 
Mean 0.7 B 0.3 B 3.7 B 1.3 B 0.7 B 0.7 B 

* Abbreviations: WAP, weeks after cotton planting; BR, between row; WR, within row; 
** Means within a column followed by the same letter are not significant (P = 0.05).  
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Table 2.3. Influence of soil–inversion and herbicide regime on Palmer amaranth density at 6 WAP * and cotton yield with cover crop 

and three production years’ data combined  

Experimental variable Palmer amaranth density (plants m−2) 
Cotton yield (kg ha−1) 

Soil-inversion Herbicide regime BR * WR 

Non-inversion 
(NIT) 

None 26 a ** 23 a 105 c 
PRE * 1 b 1 b 1520 a 
POST 4 b 3 b 1423 a 

PRE + POST 1.0 b 1 b 1716 a 
Mean 8.0 A 7.0 A 1191 B 

Fall-inversion 
(IT) 

None 6 b 4 b 976 b 
PRE 1 b 0 b 1544 a 

POST 1 b 1 b 1893 a 
PRE + POST 0 b 0 b 2041 a 

Mean 2.0 B 1.3 B 1613 A 
* Abbreviations: WAP, weeks after cotton planting; BR, between row; WR, within row; PRE, only preemergence; POST, only 
postemergence; PRE + POST, both preemergence and postemergence; ** Means within a column followed by same letter are not 
significant (P = 0.05). 
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Table 2.4. Influence of cover crop and herbicide regime on BR * Palmer amaranth density at 6 

WAP * and cotton yield with soil-inversion and three production years’ data 

combined. 

Experimental variable Palmer amaranth density 
(plants m−2) 

Cotton yield 
(kg ha−1) Cover crop Herbicide regime 

Winter fallow 

None 27 a ** 141 b 
PRE * 1 c 1506 a 
POST 4 c 1449 a 

PRE + POST 1c 1869 a 
Mean 11.0 A 1242 A 

Crimson clover 

None 10 b 711 b 
PRE 1 c 1544 a 

POST 1 c 1918 a 
PRE + POST 1 c 2047 a 

Mean 4.0 B 1555 A 

Cereal rye 

None 11 b 768 b 
PRE 1 c 1546 a 

POST 3 c 1606 a 
PRE + POST 0 c 1720 a 

Mean 5. 0 B 1410 A 
* Abbreviations: BR, between row; WAP, weeks after cotton planting; PRE, only 
preemergence; POST, only postemergence; PRE + POST, both preemergence and 
postemergence; ** Means within a column followed by same letter are not 
significant (P = 0.05).  
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Table 2.5. Influence of soil-inversion by herbicide regime on Palmer amaranth control at 6 WAP 

* with cover crop data combined in three production years.  

Experimental variable Year (% control) 
Soil-inversion Herbicide regime 2008–2009 2009–2010 2010–2011 

Non-inversion 
(NIT) 

None 27 c ** 15 c 9 c 
PRE * 79 b 93 a 100 a 
POST 38 c 84 b 100 a 

PRE + POST 95 a 98 a 100 a 
Mean 60.0 B 72.0 B 77.0 B 

Fall-inversion 
(IT) 

None 91 a 77 b 81 b 
PRE 99 a 98 a 100 a 

POST 95 a 97 a 100 a 
PRE + POST 100 a 100 a 100 a 

Mean 96.0 A 93.0 A 95.0 A 
* Abbreviations: WAP, weeks after cotton planting; PRE, only preemergence; POST, 
only postemergence; PRE + POST, both preemergence and postemergence; ** Means 
within a column followed by same letter are not significant (P = 0.05).  
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Table 2.6. Cover crop by herbicide regime interaction effect on Palmer amaranth control at 6 

WAP * with soil-inversion and three production years’ data combined 

Experimental variable Palmer amaranth control 
(%) 

Cotton yield 
(kg ha−1) Cover crop Herbicide regime 

Winter fallow 

None 36 d ** 141 b 
PRE * 95 ab 1506 a 
POST 83 b 1449 a 

PRE + POST 98 ab 1869 a 
Mean 78 B 1242 A 

Crimson clover 

None 63 c 711 b 
PRE 96 ab 1544 a 

POST 91 ab 1918 a 
PRE + POST 99 a 2047 a 

Mean 87 A 1555 A 

Cereal rye 

None 52 c 768 b 
PRE 94 ab 1546 a 

POST 83 b 1606 a 
PRE + POST 99 a 1720 a 

Mean 82 AB 1410 A 
* Abbreviations: WAP, weeks after cotton planting; PRE, only preemergence; POST, only 
postemergence; PRE + POST, both preemergence and postemergence; ** Means within a 
column followed by same letter are not significant (P = 0.05). 
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Table 2.7. Influence of herbicide regimes on cotton yield with cover crop, soil-inversion, and three production years’ data combined  

Herbicide regime Herbicides Cotton yield (kg ha−1) 
None LAYBY consisting of prometryn + MSMA 560 b ** 
PRE * Pendimethalin + fomesafen fb LAYBY 1532 a 
POST Glufosinate + S-metolachlor fb LAYBY 1658 a 

PRE + POST 
Pendimethalin + fomesafen (PRE) fb 
Glufosinate  
+ S-metolachlor (POST) fb LAYBY 

1878 a 

* Abbreviations: PRE, only preemergence, POST; only postemergence; PRE + POST, both preemergence and 
postemergence; fb, followed by; ** Means followed by same letter are not significant (P = 0.05). 
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Table 2.8. Palmer amaranth density and visual percent control at 6 WAP * and cotton yield from selected treatments with data 

combined over three production years  

Experimental variable Palmer amaranth density  
(plants m−2) Palmer amaranth 

      Control (%) 
Cotton yield 

(kg ha−1) 
Soil-inversion Cover crop Herbicide regime BR * WR 

Non-inversion 
(NIT) 

Crimson 
clover 

PRE + POST * 1 <1 98 1931 
PRE 2 <1 92 1439 

POST 2 1 82 1652 

Cereal rye 
PRE + POST 1 <1 98 1620 

PRE 2 <1 90 1433 
POST 3 1 68 1425 

Winter 
fallow 

PRE + POST 2 1 96 1699 
PRE 1 1 90 1597 

POST 5 4 72 1185 

Fall-inversion 
(IT) 

Crimson 
clover 

PRE + POST 0 0 100 2163 
PRE <1 <1 99 1650 

POST <1 <1 99 2185 

Cereal rye 
PRE + POST 0 0 100 1820 

PRE <1 0 99 1667 
POST 2 <1 97 1780 

Winter 
fallow 

PRE + POST 0 0 100 2139 
PRE <1 <1 99 1315 

POST 1 1 95 1713 
 

The following treatments were the best in terms of both Palmer amaranth control and cotton yield. 
Non-inversion 

(NIT) 
Crimson 
clover PRE + POST 1 0 98 1931 
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Cereal rye PRE + POST 1 <1 98 1620 
Winter 
fallow PRE + POST 2 1 96 1699 

Fall-inversion 
(IT) 

Crimson 
clover PRE + POST 0 0 100 2163 

Cereal rye PRE + POST 0 0 100 1820 
Winter 
fallow PRE + POST 0 0 100 2139 

* Abbreviations: WAP, weeks after cotton planting; PRE, only preemergence; POST, only postemergence; PRE + POST, 
both preemergence and postemergence.
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Chapter 3 

Integrated Palmer Amaranth Management in Glufosinate-Resistant Cotton: II. Primary, 
Secondary and Conservation Tillage 

3.1. Abstract  

A three year field experiment was conducted to evaluate the role of soil inversion, cover 

crops and spring tillage methods for Palmer amaranth between-row (BR) and within-row (WR) 

management in glufosinate-resistant cotton. Main plots were two soil inversion treatments: fall 

inversion tillage (IT) and non-inversion tillage (NIT). Subplots were three cover treatments: 

crimson clover, cereal rye or none (i.e., winter fallow); and the sub subplots were four secondary 

spring tillage methods: disking followed by (fb) cultivator (DCU), disking fb chisel plow (DCH), 

disking fb disking (DD) and no tillage (NT). Averaged over years and soil inversion, the crimson 

clover produced maximum cover biomass (4390 kg ha−1) fb cereal rye (3698 kg ha−1) and winter 

fallow (777 kg ha−1). Two weeks after planting (WAP) and before the postemergence (POST) 

application, Palmer amaranth WR and BR density were two- and four-times less, respectively, in 

IT than NIT. Further, Palmer amaranth WR and BR density were reduced two-fold following 

crimson clover and cereal rye than following winter fallow at 2 WAP. Without IT, early season 

Palmer amaranth densities were 40% less following DCU, DCH and DD, when compared with 

IT. Following IT, no spring tillage method improved Palmer amaranth control. The timely 

application of glufosinate + S-metolachlor POST tank mixture greatly improved Palmer 

amaranth control in both IT and NIT systems. The highest cotton yields were obtained with DD 

following cereal rye (2251 kg ha−1), DD following crimson clover (2213 kg ha−1) and DD 
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following winter fallow (2153 kg ha−1). On average, IT cotton yields (2133 kg ha−1) were 21% 

higher than NIT (1766 kg ha−1). Therefore, from an integrated weed management standpoint, an 

occasional fall IT could greatly reduce Palmer amaranth emergence on farms highly infested 

with glyphosate-resistant Palmer amaranth. In addition, a cereal rye or crimson clover cover crop 

can effectively reduce early season Palmer amaranth emergence in both IT and NIT systems. For 

effective and season-long control of Palmer amaranth, one or more POST applications of 

glufosinate + residual herbicide as tank mixture may be needed in a glufosinate-based cotton 

production system. 

3.2. Introduction 

Palmer amaranth [Amaranthus palmeri (L.) S. Wats] is one of the several pigweed 

species that are problematic in row crops in the southeastern United States. Compared to other 

pigweed species, such as common waterhemp [Amaranthus rudis (L.) Sauer], redroot pigweed 

(Amaranthus retroflexus L.) and tumble pigweed (Amaranthus albus L.), Palmer amaranth 

produced the highest dry weight, leaf area and height [1]. Palmer amaranth grows relatively 

quickly and can attain a height of 2 m or more [1]. It is a dioecious plant with tremendous seed 

production potential and rapid seed germination [1–3]. A single female plant can produce more 

than 600,000 seeds, depending upon density, which have an average diameter of 1.0 mm [2]. It 

has exceptional drought tolerance [4–7]. Additionally, Palmer amaranth can grow under low 

light conditions, such as dense crop canopies [8]. Palmer amaranth interference and subsequent 

yield losses have been documented in several crops, such as cotton, corn, cucurbits, grain 

sorghum, peanut, potato, soybean, sweet potato and several vegetable crops [9–23]. 



 
 

96 
 
 

Until recently, glyphosate-resistant cotton production systems were very effective for 

managing a broad spectrum of weeds, including Palmer amaranth [24, 25]. However, the 

evolution of glyphosate resistant Palmer amaranth has forced cotton producers to explore other 

management options and integrated approaches. These included inversion tillage and adoption of 

glufosinate-resistant varieties [26]. Additionally, resistance to dinitroaniline herbicides has also 

been reported in some Palmer amaranth populations [26, 27].  

The role of tillage in altering the distribution, abundance, composition of species, as well 

as seedling emergence patterns, has been well documented [28–36]. In conservation tillage 

systems, where soil incorporation is minimized, seeds accumulate near soil surface. Contrarily, 

the soil disturbance resulting from various tillage practices places weed seeds at different depths 

that vary in availability of moisture, diurnal temperature fluctuation, light exposure and activity 

of predators [37]. Moldboard plowing buries weed seeds deeply in the soil; however, deeper 

burial may lead to long-term weed problems, because of increased seedbank longevity [38].  

The type of tillage implement used to till the soil greatly influences the vertical 

distribution and density of seeds within the soil profile [28, 30, 36, 39–42]. Inversion tillage 

implements bury a large proportion of the weed seed, while non-inversion tillage implements 

leave more of the seed near the soil surface [28]. Previous research demonstrated that more than 

60% of weed seedbank was concentrated in top 5 cm following either a no-till or chisel plow 

[41]. Therefore, considering the inability of small Palmer amaranth seed to emerge from depths 

greater than 7.5 cm and a light requirement for germination, moldboard plowing followed by a 

conservation system may reduce the Palmer amaranth populations to manageable levels. 

Currently, an integrated weed control system utilizing high-residue cover crops as a weed 

management tool is gaining popularity [43–54]. Cover crops provide early season weed control 
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by reducing light transmission and quality, altering soil temperature, physically suppressing 

weed emergence and allelopathy [55–58]. Cereal rye (Secale cereale L.) has been documented as 

having high biomass potential, early season weed suppression and allelopathic properties by 

several researchers [44, 46–48, 59–62]. It has also been observed that cereal rye residue alone 

was effective at reducing glyphosate-resistant Palmer amaranth emergence by 94% in the row 

middle and 50% within the cotton row [63]. Others reported that the use of high residue cover 

crops in conjunction with chemical and cultural weed control tactics provided effective control 

of established glyphosate-resistant Palmer amaranth, while helping to prevent the development 

of resistance in glyphosate-susceptible populations [64]. 

Considering the magnitude of current herbicide resistance problems, inversion tillage can 

likely improve control of glyphosate-resistant Palmer amaranth. However, increased input costs 

and potential soil erosion are significant challenges for growers. Integration of cover crops and 

glufosinate-resistant cotton technology may be viable alternatives in the light of these economic 

and environmental considerations. Therefore, with the current Palmer amaranth management 

challenges, a field study was conducted to evaluate the role of primary inversion tillage, cover 

crops and secondary tillage methods for Palmer amaranth management in glufosinate-resistant 

cotton. 

3.3. Materials and Methods 

3.3.1. Experimental Design and Establishment 

A three year field experiment was conducted from fall 2008 through harvest 2011 at the 

E.V. Smith Research Center, Field Crops Unit near Shorter, AL, on a Compass sandy loam soil 

(coarse-loamy, siliceous, subactive, thermic Plinthic Paleudults) with 1.9 to 2.1% organic matter 
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and pH 6.2 to 6.4. The experiment occupied a site that had been in continuous strip-tillage for 

previous six years. The entire experimental area was infested with glyphosate-susceptible Palmer 

amaranth prior to experiment establishment, and the subsequent treatments remained in the same 

location for three years without re-randomization of treatments. Treatments consisted of a 

factorial arrangement of two levels of soil inversion—fall inversion tillage (IT) and non-

inversion tillage (NIT)—three levels of winter cover crops—cereal rye, crimson clover 

(Trifolium incarnatum L.) and none (i.e., winter fallow)—and four different spring tillage 

methods, resulting in a 24-treatments test. The four spring tillage methods were disk followed by 

(fb) chisel plow (DCH), disk fb field cultivator (DCU), disk twice (DD) and a no-tillage control 

(NT). The experimental design consisted of a split-split plot treatment restriction in a randomized 

complete block design with three replicates. Soil inversion, cover crop and spring tillage were 

assigned to the main plots, sub plots and sub-sub plots, respectively. The size of the main, sub 

and sub-sub plots were 43.9 m by 9.1 m, 14.6 by 9.1 m and 3.6 by 9.1 m, respectively. A 

schedule of operations performed each year is given in Table 1. 

In the fall 2008, approximately 28 million native glyphosate-susceptible Palmer amaranth 

seeds were broadcast per hectare to ensure a sizeable seedbank of this weed. Prior to 

broadcasting, Palmer amaranth seed germination was tested by placing 25 seeds on commercial 

germination paper in four petri dishes at 35 °C. Seeds were kept moist with tap water inside 

closed petri dishes. Seeds were considered germinated when the radicle emerged 1 mm. 

Germination percentage was calculated as the number of germinated seeds divided by the total 

number of seeds multiplied by 100. Two weeks after initiation, 87% of the seeds germinated. 

One half of each block was subject to fall inversion tillage (IT) by moldboard plowing (30 cm) 

immediately fb one pass each of a disk and field cultivator; the other half was under non-
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inversion tillage (NIT) using a within-row subsoiler equipped with pneumatic tires to close the 

subsoiling slot. During the fall of each year, cereal rye (cv. ‘Elbon’ in 2009 and 2010 and ‘Wrens 

Abruzzi’ in 2011) and crimson clover (Trifolium incarnatum L. cv. ‘Dixie’) cover crops were 

seeded at rates of 101 and 28 kg seed ha−1, respectively, in both IT and NIT. Different cereal rye 

cultivars had to be used due to seed availability; Wrens Abruzzi has been shown to be more 

allelopathic [65]. In 2009 and 2010, frequent rains delayed both the harvesting of cotton and 

subsequent planting of cover crops. Cereal rye cover was fertilized using 34 kg ha−1 of a 33-0-0 

fertilizer. A winter fallow control was also included as check. 

3.3.2. Cover Crop Management 

Cover crops were rolled with a three section straight bar roller (Bigham Brothers Inc., 

Lubbock, TX, USA; Mention of a trade name, proprietary product, or specific equipment does 

not constitute a guarantee or warranty by the USDA or Auburn University and does not imply 

endorsement of a product to the exclusion of others that may be suitable) in late April or early 

May using a JD 7730 equipped with an AutoSteer GPS. Cover crop rolling was immediately 

followed by an application of glyphosate (Roundup Weathermax®, Monsanto Company, St. 

Louis, MO, USA) at 0.84 kg ae ha−1 plus glufosinate (Ignite®, Bayer Crop Science, Research 

Triangle Park, NC, USA) at 0.49 kg ai ha−1; the mixture was needed to enhance crimson clover 

termination. Cover crop biomass samples were taken prior to desiccation, and dry biomass was 

recorded. The entire experimental area was sub-soiled in May to 45 cm depth to break hardpans. 

A within-row subsoiler equipped with pneumatic tires only, to close the subsoiling slot, was 

used. Sub-soiling was followed by planting of glufosinate-resistant cotton (cvs. FM 1845 LLB2 

in 2009 and FM 1735 LL in 2010 and 2011, Bayer Crops Science, Research Triangle Park, NC, 
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USA). Each year, cotton was fertilized using 211 kg ha−1 of 16-16-16 fertilizer at the time  

of planting. 

3.3.3. Secondary Tillage and Weed Management 

The DCH tillage consisted of a single pass of 3 m disk fb a single pass of 1.8 m chisel 

plow, DD consisted of double pass of 3 m disk and DCU was a single pass of 3 m disk fb a 

single pass of 4.1 m field cultivator. A single postemergence (POST) application of a tank 

mixture of glufosinate at 0.60 kg ai ha−1 (Ignite®, Bayer Crops Science, Research Triangle Park, 

NC, USA) plus S–metolachlor (Dual II Magnum®, Syngenta Crop Protection, Inc., Greensboro, 

NC, USA) at 0.54 kg ai ha−1 tank mixture was made to 2 to 3 lf Palmer amaranth, between 15 

and 20 days after planting cotton, with an ATV-mounted sprayer delivering 145 L ha−1 with flat-

fan spray tips. In 2011, an additional POST application of glufosinate at 0.60 kg ai ha−1 plus S–

metolachlor at 0.54 kg ai ha−1 was carried out three weeks after the first POST application. A last 

directed POST application (LAYBY) of prometryn (Caporal®, Syngenta Crop Protection, Inc., 

Greensboro, NC, USA) at 0.84 kg ai ha−1 plus MSMA (Drexel Chemical Company, Memphis, 

TN, USA) at 1.4 kg ai ha−1 was carried out approximately 2 months after the first POST 

application. Sethoxydim (Poast Plus®, Bayer Ag. Products, Research Triangle Park, NC, USA) 

was applied at 0.28 kg ai ha−1 as needed to maintain grass control.  

3.3.4. Palmer Amaranth Sampling and Visual Control Ratings 

Palmer amaranth density was determined both between (BR) and within (WR) the cotton 

rows before the POST application and again before the LAYBY application. BR Palmer 

amaranth density was recorded as number of plants in a quadrat (0.25 m−2) randomly placed at 

four different positions between the second and third row of a four-row cotton plot. Similarly, 
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WR Palmer amaranth density was recorded from a quadrat (0.25 m−2) randomly placed at four 

different positions within the second and third rows. Palmer amaranth control was also assessed 

visually, for the entire plot, at weekly intervals on a 0 to 100 scale, where 0 and 100 indicate no 

control and complete control, respectively. Palmer amaranth was hand-pulled from all the plots 

before the LAYBY application, but following density counts and control ratings to facilitate 

cotton harvest. Cotton yields were determined by mechanically harvesting the two central rows 

within each four-row plot with a spindle picker. 

3.3.5. Statistical Analysis 

Data were analyzed using generalized linear mixed models or linear mixed models 

methodology as implemented in SAS® PROC GLIMMIX based on the underlying design, which 

was a randomized complete block design (r = 3) with a split-split-split plot in time restriction on 

randomization. Soil inversion, cover crop, spring tillage method, year and all their interactions 

were treated as fixed effects. Block and Block × treatment factors were treated as random effects. 

The split plot nature of the experiment requires five different residual terms: (1) block × soil 

inversion as the appropriate error term for soil inversion; (2) block × soil inversion × cover crop 

as the appropriate error term for cover crop and its interaction with soil inversion; (3) block × 

soil inversion × cover crop × spring tillage method as the appropriate error term for spring tillage 

and its interaction with soil inversion and cover crop; (4) block × year as the appropriate error 

term for year; and (5) the residual error term as the appropriate error term for all interactions 

effects of year with the remaining factors. The factor year is of a repeated measures nature that 

induces a covariance relationship because of the lack of re-randomization. All the standard 

covariance models were evaluated, but none improved the AICC fit statistic, which is a penalized 
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-2log likelihood. However, grouping the residual variance by year using the ‘random 

_residual/group = year’ option in SAS gave a slightly improved fit. Fit was improved by creating 

variance groups, even though the maximum F-test of residuals among the three years did not 

detect heterogeneous variances. Palmer amaranth density data were analyzed using a lognormal 

distribution function, and back transformed means along with 95% confidence intervals are 

reported. Palmer amaranth control rating data at three and six weeks after application were 

arcsine-transformed, and back transformed means along with 95% confidence intervals are 

reported. No transformation was required for cover crop biomass and cotton yield data. Multiple 

means’ comparisons of significant effects were made using the ‘Adj = simulate’ option in SAS 

PROC GLIMMIX at the 5% significance level.  

3.4. Results 

3.4.1. Cover Crop Biomass 

Cover crop biomass was significantly affected by the type of cover crop. Averaged over 

three production years and soil inversion, crimson clover (4390 kg ha−1) produced significantly 

higher biomass than both cereal rye (3698 kg ha−1) and winter fallow (777 kg ha−1).  

3.4.2. Palmer Amaranth Density  

At 2 WAP, the main effects of soil inversion, cover crop and spring tillage method were 

highly significant for both BR and WR density (p < 0.0001). Palmer amaranth density BR and 

WR was four and two-fold, respectively, less in IT than NIT (Table 2).  
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Of the cover crops, both cereal rye and crimson clover resulted in a two-fold reduction in 

BR and WR density than winter fallow. With regard to spring tillage methods, BR density was 

significantly less in DD than NT. However, DCH and DCU did not result in a significant 

reduction in BR and WR density compared with NT. The WR density was significantly less in 

DD than DCH and DCU. Furthermore, the WR density in DCH, DCU and NT was similar. 

Previous researchers also observed two-fold higher early season pigweed density in a winter 

fallow conservation tillage systems compared to the similar conventional tillage systems [64]. 

Additionally, the effect of cover crop residue on inhibition of weed seed germination and 

seedling emergence has been well documented [55, 62, 63, 65, 66].  

At 6WAP, a soil inversion by spring tillage method interaction revealed significant 

differences in BR density (p < 0.05). Following IT, the BR density was reduced ≥90% in DCH, 

DCU and DD spring tillage methods compared to NT following NIT (Table 3). 

The NT following IT resulted in a 69% reduction in BR density compared to the NT 

following NIT, but was similar to the DCU, DCH and DD in the NIT. Previous researchers 

observed a similar reduction in weed density with the comparable tillage practices [28, 36, 40, 

67–69]. With regard to WR density at 6 WAP, soil inversion and spring tillage method main 

effects were strongly significant (p < 0.0001). The Palmer amaranth WR density was two-fold 

less in IT (2 ± 1 plants m−2) than NIT (5 ± 1 plants m−2). Of spring tillage methods, DD (2 ± 1 

plants m−2) significantly reduced WR density compared to the NT (4 ± 1 plants m−2). However, 

WR density was similar in DD, DCH (2 ± 2 plants m−2) and DCU (2 ± 2 plants m−2). Similarly, 

the WR density following DCH and DCU were not different from NT. 
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3.4.3. Palmer Amaranth Control 

Three weeks after herbicide application (3 WAA), a soil inversion by cover crop by 

spring tillage method interaction was highly significant (p < 0.05). Following non-inversion 

tillage, Palmer amaranth was controlled more than 90% in both DD and DCU in crimson clover 

and DD in both cereal rye and winter fallow (Table 4). 

With non-inversion tillage and crimson clover, Palmer amaranth control improved ≥16% 

in DCH, DCU and DD compared with NT. With non-inversion tillage and cereal rye, Palmer 

amaranth was controlled 14, 11 and 22%, more in DCH, DCU and DD, respectively, than NT. 

With non-inversion tillage and winter fallow, Palmer amaranth was controlled ≥74% in DCH, 

DCU and DD compared with NT. Furthermore, following non-inversion tillage, Palmer 

amaranth control was higher with all spring tillage methods in crimson clover than cereal rye and 

winter fallow. This may be attributed partly to the higher clover biomass, resulting in greater 

suppression of Palmer amaranth. Following fall inversion tillage, Palmer amaranth was 

controlled ≥80% in all spring tillage methods compared with NT following NIT. With fall 

inversion tillage, Palmer amaranth was controlled ≥91% in DCH, DCU and DD spring tillage 

methods regardless of type of cover crop. Furthermore, Palmer amaranth control in DCU and DD 

in both crimson clover and winter fallow and DD in cereal rye was significantly higher than in 

NT following winter fallow in IT. Previous research suggests supplementing the partial weed 

control obtained following different cover crops in a conservation tillage system [55]. It has been 

documented that cereal rye cover crop provided short-term weed control in no-till corn, but 

failed to provide season-long control [53]. Similarly, a 35 and 50% reduction in total weed 

density by wild radish and cereal rye cover crops, respectively, was recorded in sweet corn (Zea 

mays L.) at 4 WAP. However, weeds were controlled >95% when cover crops were grown in 
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conjunction with a half or full rate of atrazine and S–metolachlor [70]. Several researchers have 

emphasized the need of conjunction of cover crops with herbicides for effective control of weeds 

[61, 62, 71]. 

Six weeks after herbicide application (6 WAA) and before LAYBY application, again, a 

soil inversion by cover crop by spring tillage method interaction was highly significant; results 

were similar to those observed at 3 WAA (data not shown). However, the Palmer amaranth 

control decreased four to ten percent in all spring tillage methods following cereal rye and winter 

fallow in NIT. Similarly, following IT, Palmer amaranth control decreased one to three percent 

in all spring tillage methods, regardless of the type of cover crop. Additionally, a year by spring 

tillage method interaction was highly significant at 6 WAA (Table 5). 

In 2009, Palmer amaranth was controlled 95% in DD that was significantly higher than in 

DCU and NT. Palmer amaranth control in DCH (83%) was not different from DCU and NT. In 

2010 and 2011, Palmer amaranth control was significantly higher in DCH, DCU and DD than 

observed in NT. Furthermore, Palmer amaranth control in 2011 was higher than in 2009 and 

2010 due to an additional POST application.  

3.4.4. Cotton Yield  

Data analysis revealed significant interaction between cover crop and spring tillage 

method (p < 0.001). The main effects of soil inversion, cover crop and spring tillage method 

were also highly significant (p < 0.0001). Cover crop by spring tillage method interaction 

indicated maximum cotton yields with DD, regardless of type of cover crop (Table 6). 

Following cereal rye, the DD tillage method produced maximum cotton (2251 kg ha−1), 

which was similar to DD following winter fallow and DCH, DCU and DD following crimson 
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clover. Following crimson clover, DCU and DD cotton yields were 13 and 18%, respectively, 

higher than NT cotton yields. However, the DCU and DCH cotton yields were similar under 

different cover crops. As expected, the NT following winter fallow produced the minimum 

cotton (1082 kg ha−1), which was at least 42% less than the NT following either cereal rye or 

crimson clover. Averaging over cover crop and spring tillage method, the IT (2133 kg ha−1) 

cotton yields were 21% higher than NIT (1766 kg ha−1). Similar differences in cotton yields 

under conservation and conventional tillage systems have been reported by previous researchers 

[72–75].  

3.5. Discussions and Conclusions 

Our research evaluated soil inversion, cover crops and spring tillage methods as an 

integrated approach to managing Palmer amaranth in glufosinate-resistant cotton production. 

Results indicate that IT alone may result in about 60% reduction in early season Palmer 

amaranth density. Cover crops can also contribute to early season Palmer amaranth suppression. 

However, the amount of suppression likely varies with the quantity of biomass produced. 

Nevertheless, both crimson clover and cereal rye greatly reduced Palmer amaranth emergence 

compared to winter fallow. Without IT, early season Palmer amaranth densities were 40% less in 

DCU, DCH and DD when compared with IT. Following IT, no spring tillage method improved 

Palmer amaranth control. The timely application of glufosinate + S-metolachlor POST tank 

mixture greatly improved Palmer amaranth control in both IT and NIT systems. The timely 

application of glufosinate + S-metolachlor POST tank mixture greatly improved Palmer 

amaranth control in both IT and NIT. Therefore, from an integrated weed management 

standpoint, an occasional fall IT could greatly reduce Palmer amaranth emergence on farms 
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highly infested with glyphosate-resistant Palmer amaranth. For effective and season-long control 

of Palmer amaranth, one or more POST applications of glufosinate + residual herbicide as tank 

mixture may be needed in a glufosinate-based cotton production system. 
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Table 3.1. Schedule of operations performed during the experiment. 

  Experimental Years 
Operations 2008–2009 2009–2010 2010–2011 

Broadcasting of Palmer amaranth seed 19 Nov 2008 – – 
Fall inversion tillage 19 Nov 2008 – – 

Planting of cover crops 20 Nov 2008 6 Jan 2010 2 Dec 2010 

Rolling and termination of cover crops 22 Apr 2009 18 May 
2010 19 Apr 2011 

Subsoiling 23 Apr 2009 24 May 
2010 26 Apr 2011 

Planting of cotton 1 Jun 2009 27 May 
2010 5 May 2011 

Fertilization (16-16-16) 1 Jun 2009 27 May 
2010 5 May 2011 

POST application 16 Jun 2009 16 Jun 2010 24 May 2011 
Graminicide application (Sethoxydim + 

COC) 13 Jul 2009 8 Jul 2010 6 Jul 2011 

LAYBY application 14 Aug 2009 16 Aug 
2010 19 Jul 2011 

Cotton defoliation 26 Oct 2009 14 Oct 2010 13 Sep 2011 
Cotton harvesting 9 Nov 2009 20 Oct 2010 30 Sep 2011 
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Table 3.2. Soil inversion, cover crop and spring tillage method means for between-row and 

within-row Palmer amaranth density at 2 WAP *; data combined over three  

production years. 

Experimental variable 

Palmer amaranth density 
Between-row Within-row 

Mean 95% CI Mean 95% CI 
Soil inversion ** plants m−2 

Non-inversion tillage 8 ***  (6,11) 5 (4,7) 
Fall inversion tillage 2  (1,3) 2 (2,4) 

     Cover crop ** 
   Cereal rye 3 (2,4) 3 (2,4) 

Crimson clover 3 (2,4) 3 (2,3) 
Winter fallow 7 (6,8) 6 (4,7) 

   
 

 Spring tillage method **  
 DCH 4 (3,5) 4 (3,5) 

DCU 4 (3,5) 5 (3,6) 
DD 3 (3,4) 3 (2,3) 
NT 6 (4,7) 3 (2,4) 

* Abbreviations: DCH, disking followed by (fb) chisel plow; DCU, disking fb field cultivator; 
DD, disking fb disking; NT, no tillage; WAP, weeks after cotton planting; ** Soil inversion 
means averaged over cover crops and spring tillage methods; cover crop means averaged over 
soil inversion and spring tillage methods; spring tillage method means averaged over soil 
inversion and cover crops; *** Means, UL and LL columns represent back transformed data. 
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Table 3.3. Soil inversion by spring tillage method interaction means for between-row Palmer 

amaranth density at 6 WAP *; data combined over cover crops and production years. 

Experiment variable Between-row density 
Soil inversion Spring tillage method Mean 95% CI 

  
plants m−2  

IT * DCH * 2 ** (1,3) ** 
DCU 2 (1,3) 
DD 2 (1,3) 
NT 6 (4,8) 

NIT DCH 4 (3,6) 
DCU 7 (5,10) 
DD 4 (2,5) 
NT 19 (11,27) 

* Abbreviations: DCH, disking followed by (fb) chisel plow; DCU, disking fb field 
cultivator; DD, disking fb disking; IT, fall inversion tillage; NIT, non-inversion tillage; 
NT, no tillage; WAP, weeks after cotton planting; ** Means averaged over cover crops 
and years; means and 95% CI columns represent back transformed data.  
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Table 3.4. Soil inversion by cover crop by spring tillage method interaction means for Palmer amaranth control at 3 WAA *; data 

combined over production years. 

    Spring tillage method 
Experimental  Variable DCH * DCU DD NT 
Soil inversion Cover crop Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 

     %     
IT * Crimson clover 94 **     (85,99) ** 99 (94,100) 99 (94,100) 88 (77,96) 

Cereal rye 96 (89,100) 94 (87,99) 99 (96,99) 94 (85,99) 
Winter fallow 91 (81,97) 97 (90,100) 97 (90,100) 80 (67,90) 

NIT Crimson clover 89 (78,96) 90 (84,98) 93 (83,98) 73 (59,85) 
Cereal rye 77 (63,89) 74 (60,86) 95 (87,99) 63 (49,77) 

Winter fallow 84 (72,93) 74 (60,86) 91 (81,98) 0 (0,2) 
* Abbreviations: DCH, disking followed by (fb) chisel plow; DCU, disking fb field cultivator; DD, disking fb disking; NT, no 
tillage; IT, fall inversion tillage; NIT, non-inversion tillage; WAA, weeks after post application; ** Means averaged over years; 
means and 95% CI columns represent back transformed data. 
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Table 3.5. Year by spring tillage method interaction means for Palmer amaranth control 6 WAA 

*; data combined over soil inversion and cover crops. 

  Spring tillage method 

 
DCH * DCU DD NT 

Year Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 

 
% 

2009 83 ** (72,92) ** 69 (56,81) 95 (88,99) 65 (51,78) 
2010 85 (78,90) 85 (79,91) 83 (77,89) 35 (27,42) 
2011 99 (98,100) 99 (98,100) 99 (98,100) 85 (80,89) 

* Abbreviations: DCH, disking followed by (fb) chisel plow; DCU, disking fb field 
cultivator; DD, disking fb disking; NT, no tillage; WAA, weeks after post application; 
** Means averaged over soil inversion and cover crops; means and 95% CI columns 
represent back transformed data. 
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Table 3.6. Interaction effect of cover crop by spring tillage method on cotton yield; data 

combined over cover crop and production years. 

Experimental variable 
Spring tillage method 

DCH * DCU DD NT 
Cover crop kg ha−1 

Crimson clover 2075 abc ** 2126 ab 2213 ab 1877 c 
Cereal rye 1867 c 1965 bc 2251 a 1956 bc 

Winter fallow 1952 bc 1867 c 2153 ab 1082 d 
* Abbreviations: DCH, disking followed by (fb) chisel plow; DCU, disking fb field 
cultivator; DD, disking fb disking; NT, no tillage; ** Means averaged over cover crops and 
years; multiple mean comparisons were made using ‘adj = simulate’ option in SAS PROC 
GLIMMIX; means followed by same letter are not significantly different (p = 0.05).  
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Chapter 4 

Pushing Towards Cogongrass Patch Eradication: The Influence of Herbicide Treatment and 
Application Timing on Cogongrass Rhizome Elimination 

4.1. Abstract  

Cogongrass is an invasive grass native to Asia that has infested thousands of hectares in 

the southeastern US. While numerous studies have examined cogongrass control, no published 

studies have tested strategies for cogongrass eradication. Since cogongrass has a persistent, thick, 

rhizome mat and ephemeral seedbank, successful eradication methods must largely focus on the 

rhizome issue. A field study was conducted at two locations near Tillman’s Corner and Bayou La 

Batre in southwestern Alabama to evaluate specific herbicide treatments at spring, summer, and 

fall application timings for cogongrass patch eradication. Herbicide treatments included 

glyphosate at 4.48 kg ai ha-1, imazapyr at 0.84 kg ai ha-1 and a tank mix of glyphosate and 

imazapyr at the same rates. The three application times were May, August and October and 

treatments were applied at each timing for three consecutive years. Cogongrass visual control, 

vegetative cover, shoot and rhizome biomass, and rhizome depth and energy content were 

sampled over the course of the study. Cogongrass response to treatments varied by location but 

by 36 months after initial treatment (MAIT), complete elimination of cogongrass shoot and 

rhizome biomass, and 100 % visual control was achieved in several herbicide treatment timing 

combinations at both locations. These included glyphosate + imazapyr treatment at any 

application timing, imazapyr treatment in August or October, and glyphosate treatment applied 

in May and October of each year.  Total nonstructural carbohydrate (TNC) levels of healthy
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rhizomes were not affected by herbicide treatments but a seasonal pattern was observed. The 

maximum live-rhizome depth was not influenced by any treatment, indicating that herbicides 

were not preferentially leaving deeper surviving rhizomes. These results demonstrate for the first 

time that the entire rhizome layer of cogongrass can be eliminated with multiple treatment 

options within three years and that cogongrass patch eradication is possible for many land 

managers.  

4.2. Introduction 

The term ‘eradication’ is often misinterpreted, especially by public policy makers; it is 

not synonymous with the term ‘control’ (Zamora at al.1989).  Eradication is broadly defined as 

the destruction of every propagule of a species from an area surrounded by natural or manmade 

barriers sufficiently effective to prevent reinvasion except at man’s intervention (Newsom 1978, 

Zamora et al. 1989). Bomford and O’Brien (1995) define it as ‘complete and permanent 

elimination of all wild populations from a defined area by a time-limited campaign’. Despite the 

existence of evidence of successful eradication of several species, there is still a widespread view 

that eradication is not feasible. The fundamental reason for this view may be reverse hype, i.e., 

unsuccessful events are always much touted and widely criticized while the success stories are 

often under reported (Simberloff 2009). In the past, several invasive invertebrate species have 

been eradicated successfully (Klassen and Curtis 2005; Simberloff 2002a; Wittenberg and Cock 

2001). However, the eradication of invasive plants is often regarded as impossible owing to the 

existence of a soil seed bank for many species (Rejmanek and Pitcairn 2002). Contrarily, several 

weed eradication projects have been successful; eradication of sandbur (Cenchrus echinatus) 

from Laysan (Flint and Rehkemper 2002) and Bassia scoparia (Kochia scoparia L.) from a large 
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area in Western Australia (Randall 2001). Several small scale eradications have also been cited 

by Mack and Lonsdale (2002) in Australia, New Zealand, and the United States. The success of 

an eradication project is largely governed by five crucial features: early detection and prompt 

action, knowledge of biology and ecology of the target species, a blanket eradication approach, 

unflagging motivation and availability of resources (Myers et al. 2000; Mack and Lonsdale 2002; 

Simberloff 2002b; Mack and Foster 2004).  Successful eradication of the Pacific alga Caulerpa 

taxifolia from southern California (Merkel & Associates. 2006) is an outstanding example of the 

significance of quick and decisive action; whereas, the failure to eradicate this species in Europe 

owes to the lack of timely and decisive action (Meinesz 2001). Although early detection and 

prompt action are not absolutely necessary, the eradication of populations confined to a small 

area is much more cost-effective and may have a high probability of success (Simberloff 2009; 

Soria et al. 2002). Eradication of witchweed (Striga asiatica M. Vahl) is an example of a large 

scale campaign against a long established and widespread invasion, which has cost over 100 

million dollars to date (Eplee 2001).  As a result of this mega scale effort, witchweed infestations 

in the United States have been reduced from 200,000 ha in the early 1970s (Eplee 2001) to 

approximately 900 ha by the end of 2007. Clearly, the costs and rigors of invasive species 

eradication can be tremendous. However, invasive weed management decisions cannot be based 

solely upon cost benefit analyses of agricultural and forestry production areas. Therefore, if 

eradication is feasible, it should be attempted since it may be more cost-effective than any other 

control method (Wittenberg and Cock 2001). Bomford and O’Brien (1995) determined six 

criteria for assessing whether eradication is technically possible and preferable to continuing 

control. These six criteria include: 1) Rate of removal exceeds rate of increase at all population 

densities; 2) Immigration is zero; 3) All reproductive individuals must be at risk; 4) Target 
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species can be detected at low densities; 5) Discounted benefit-cost analysis favors eradication 

over control and; 6) There must be a suitable socio-political environment. 

Cogongrass [Imperata cylindrica (L.) Beauv. var. major tribe Andropogoneae] is a highly 

invasive, perennial, rhizomatous grass and a serious weed in over 73 countries around the world 

(MacDonald 2004). It has been ranked as the seventh most troublesome weed worldwide (Falvey 

1981; Holm et al. 1977). At present it occupies more than 500,000 ha of land in the United States 

and classified as a noxious weed in Alabama, Florida, Georgia, Louisiana, Mississippi, Oregon, 

South Carolina, Texas and Virginia. (Bryson and Carter 1993; Byrd and Bryson 1999, Faircloth 

et al. 2005; Patterson et al.1980 and 1983; Van Loan et al. 2002; Willard et al. 1988 and 1990). 

Cogongrass is well recognized for its adverse economic, ecological and ecosystem impacts.  

Additionally, consideration of the economics of the pine industry and the risk cogongrass may 

pose to human life and property via ignition of wildfires might magnify the benefit cost ratio 

(Jose et al. 2002; Miller, 2000). Lippincott (2000) described cogongrass as a powder keg for 

forest fires. Cogongrass competitively displaces native vegetation and strongly alters wildlife 

habitats, feeding and breeding grounds that could eventually lead to tremendous loss of 

biodiversity. Southeast Asia is a glaring example of pseudo ‘biological deserts’ created by 

cogongrass where solid cogongrass stands known as ‘Imperata sheets’ or ‘Imperata savannas’ are 

the only vegetation growing on areas greater than 8,900 continuous hectares (Suryatna and 

McIntosh 1980). 

Recently, Alabama spent almost 6.3 million dollars on control and localized eradication 

of cogongrass infestations (Schelhas 2011). In the context of cogongrass, the term eradication 

specifically insinuates complete elimination of all living propagules, both sexual (seed) as well 

as asexual (rhizomes) within a defined boundary.  The current cogongrass eradication approach 
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largely resembles the wild fire management paradigm which encompasses prevention, early 

detection, quick initial attack, integrated control and site rehabilitation (Dewey et al. 1995). 

Similar to wildfires, new invasive weed infestations frequently arise as a single plant or small 

patch followed by a slow growth lag phase which ultimately lead to exponential spread. The 

movement of seed or rhizomes by various dispersal agents exacerbates the problem as new ‘spot 

fire’ patches establish beyond the main infestation. 

Since the goals of eradication are much more rigid than weed control, eradication 

treatments must have extremely high efficacy (Zamora et al. 1989). Historically, several 

chemical and non-chemical methods have been tested for the control of cogongrass (Akobundu 

1992, 1993; Akobundu et al. 2000; Byrd and Bryson 1999; Dickens and Buchanan 1975; 

Gaffney 1996; Johnson et al. 1999; MacDonald et al. 2001 and 2002; Miller 2000; Ramsey et al. 

2003; Terry et al. 1997; Willard et al. 1996 and 1997). Glyphosate and imazapyr have been 

identified as the most effective herbicides for cogongrass management (Dozier et al. 1998; 

Udensi et al. 1999). Repeated applications of these herbicides over multiple years have been 

reported to provide greater than 95% control (Miller 2007). Fall-season applications (September 

to November) of  glyphosate or imazapyr have been shown to be more effective due to better 

translocation of herbicides to the underground rhizomes as photosynthates are directed towards 

rhizomes in the fall (Faircloth et al. 2005; Johnson 1999 and 2000; Miller 2007; Shilling et al. 

1997). However, the focus of all of these previous research efforts was only to attain satisfactory 

control of cogongrass, not eradication. To date, no research has been published on methods 

suitable for the eradication of cogongrass patches. Since cogongrass seeds are very short lived in 

the environment (MacDonald 2004), eliminating the dense, rhizome mat is very likely the 

limiting factor for successful eradication in most situations. Previous researchers have observed 
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low spikelet fill (0 to 40 %), short seed viability (< 16 months), and poor seedling survival 

(Sajise, 1972; Santiago, 1974; Dickens, 1976; Santiago, 1980; Kushwaha et al., 1983; Hopkins 

and Graham, 1984). Additionally, glyphosate and imazapyr herbicides reduce cogongrass cover 

and seedhead production more than 80 % and 97 %, respectively, up to a year following 

treatment (Enloe et al. 2012). Byrd (2007) reported reduction in number of viable seeds 

following treatment with several herbicides. In light of these views, we assumed non-existence 

of a viable cogongrass seed bank in the treated plots. Therefore, our primary objective in this 

study was to determine the feasibility of cogongrass patch eradication while targeting elimination 

of the entire rhizome layer. Our overall research questions were as follows: 

1) Can glyphosate and/or imazapyr be effective for cogongrass patch eradication? 

2) Does the combination of glyphosate and imazapyr improve cogongrass control over 

either herbicide alone? 

3) Does the timing of repeated herbicide applications (spring, summer, or fall) influence 

the effectiveness of glyphosate and imazapyr for cogongrass patch eradication? 

4) Do repeated herbicide treatments influence energy levels or depth of surviving 

rhizomes?  

4.3. Materials and Methods 

A field study was conducted from 2008 through 2011 at two locations near Tillman's 

Corner (30.50282O N, -88.15251O W) and Bayou La Batre (30.42500O N, -88.28835O W) in 

southwestern Alabama. Both locations were abandoned open fields with near monotypic stands 

of cogongrass that had not been managed for several years. Soil at the Tillman’s Corner site was 

a Benndale sandy loam (siliceous, subactive, thermic Typic Paleudults). Soil at Bayou La Batre 
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was Troup–Heidel loamy sand (siliceous, semiactive, thermic Typic Paleudults). Soils at both 

locations were well drained, greater than 60 inches deep and strongly acidic in reaction. The 

study was established at each location in a randomized complete block design with four 

replications. The plot size was 9.1 m by 9.1 m (30 by 30 ft) with a 3 m (10 ft) buffer around each 

plot that was maintained cogongrass free for the duration of the study to prevent rhizome growth 

between plots. Since a cogongrass patch can grow more than a meter in a year (Yager, 2007), 

wider buffers were made to eliminate the chance of encroachment from adjacent plots. Plot size 

was kept larger compared to 1.8 m by 4.7 m in previous studies (Willard et al. 1996 and 1997) 

for greater efficacy of treatment application and more valid estimates of research variables. The 

experiment consisted of a factorial arrangement of three herbicide treatments and three 

application timings, resulting in nine treatments. A nontreated control was also included. 

Herbicide treatments were glyphosate applied at 4.48 kg ai ha-1 (4.0 lb ai acre-1) (Accord® 

Concentrate, Dow AgroSciences LLC, Indianapolis, IN), imazapyr applied at 0.84 kg ai ha-1 

(0.75 lb ai acre-1) (Arsenal® Powerline, BASF, Research Triangle Park, NC), and a combination 

of glyphosate and imazapyr at the same rates. The three application times were May, August and 

October. Each herbicide treatment and timing combination was applied in 2008, 2009, and 2010 

to the same plots. Across all three years, the spring, summer and fall treatments were applied 

between May 16th to 20th, July 30th to August 10th, and October 5th to 12th, respectively. The May 

glyphosate-alone treatment was modified to also include a second glyphosate treatment at the 

same rate each October. However, both the August and October glyphosate treatments were 

applied once a year due to non-feasibility of second treatment within a year. Methylated seed oil 

at 1 % v/v (Destiny® HC, Winfield Solutions LLC, St. Paul, MN) was added to the imazapyr 

alone and glyphosate + imazapyr treatments, and a nonionic surfactant at 0.25 % v/v 
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(Timberland® 90, UAP, Loveland Products Inc, Loveland, CO) was added to the glyphosate 

treatment. At each application timing, treatments were applied at 187 liters ha-1 to green and 

actively-growing cogongrass with an ATV mounted boom sprayer fitted with AI 11002 nozzles 

operating at 50 psi. Cogongrass biomass at the time of each treatment varied over the course of 

the study. At the time of initial treatment, all plots had 80-100% green vegetative cover. 

However, cogongrass height and cover continuously declined across all herbicide treated plots 

over the duration of the study. At each location, temperature (Figure 4.1) and precipitation 

(Figure 4.2) patterns closely followed historic averages during the treatment application times. 

The mean air temperature at the time of treatment application ranged from 70 to 80 (F) for the 

May and October treatments and was in the low to mid 90s (F) for the August treatments. In 

August 2009, a precipitation event of about 1 cm rain occurred within 3 hours of treatment 

application. This was the only treatment time over all three years that may have been influenced 

by precipitation within 4 hours of treatment application.  

Data were collected three times each year (May, August and October) on percent green 

cogongrass cover, visual percent control, cogongrass green shoot biomass, rhizome biomass, 

maximum live-rhizome depth, and rhizome total non-structural carbohydrate (TNC) content. 

Data on rhizome and shoot biomass, maximum live rhizome depth were recorded from a 0.25 m2 

quadrat randomly placed in each plot. Green cogongrass shoots were clipped at the ground level 

inside the quadrat and oven dried at 60 C for 72 h for shoot dry weight.  Rhizome biomass was 

quantified by excavating a 50 by 50 cm pit beneath each quadrat to a depth of 30 cm. The bottom 

of each pit was closely inspected to verify that no rhizomes were present below the excavation 

point. Over the course of the study, with over 700 rhizome pits excavated, no cogongrass 

rhizomes were ever found below a 30 cm soil depth. Excavated rhizomes were separated from 
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the soil, washed and classified as alive or dead. Rhizomes were conservatively classified as dead 

only if they were completely desiccated or degraded with absolutely no live tissue remaining. All 

live rhizomes within each quadrat were oven dried at 60 C for 72 h and weighed. Visual 

assessments of cogongrass control were made for the entire plot on a 0 to 100 % scale with zero 

being equivalent to the vegetative cover and vigor of cogongrass in the nontreated control plots 

in each block and 100 being complete death of all cogongrass shoots in the treated plot. Visual 

estimates of green cogongrass cover were recorded to the nearest one percent from an additional 

three randomly placed 0.25 m2 quadrats in each plot.  

To quantify TNC content, 15 grams of healthy white rhizomes were collected from the 

rhizomes harvested from each pit, placed inside a plastic freezer bag and stored on dry ice inside 

a cooler to prevent respiration losses during transportation. The rhizome samples were collected 

from horizontal rhizome sections found between root crowns and new rhizome tips generally 

exhibiting curvature upward. These sections were previously demonstrated to have a higher TNC 

content than vertical sections (S.F. Enloe, unpublished data). The rhizome samples were kept in a 

freezer at -20o C until analysis. TNC content was determined by using a modified version of the 

Shaffer-Somogyi method (Harding and Downs, 1933). The method consisted of digesting 0.20 to 

0.25 g of finely ground (less than 1 mm) rhizome samples with 50 ml of 0.05 N H2SO4 and 

boiling for 15 minutes. The samples were then cooled in a shallow ice-water bath, and 2.5 to 3.0 

ml 1.0 N NaOH solution was added. The pH of the samples was maintained at 4.5 ± 0.1 while 

stirring using 1.0 N and 0.1 N H2SO4 and 1.0 N and 0.1 N NaOH. One ml of glucoamaylase 

enzyme solution was then added and stirring was continued. The samples were then incubated 

for one hour and filtered in a 250 ml volumetric flask using 541 Whatman filter paper or glass 

wool. Ten ml of diluted sample was transferred to a test tube and 10 ml of Shaffer-Somogyi 
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solution were then added. Samples were subsequently boiled for 15 minutes and cooled 

immediately in an ice-bath. The cooled samples were treated with 2 ml of potassium iodide-

oxalate, 10 ml of 1.0 N H2SO4, 0.2 ml of ‘Fastbreak’ defoamer (1:100) solution, and 1 ml of 1 % 

starch solution. Finally, the samples were titrated with 0.02 N sodium thiosulphate solution until 

a clear light blue end-point. The percentage of TNC in the rhizomes was calculated on a dry 

weight basis using following formula. 

Percent TNC =
Sample TNC(mg) − Enzyme TNC (mg) ∗ 100

Dry sample weight (mg)
 

The sample TNC was determined by subtracting the sample titer value from the blank. Enzyme 

TNC was the mg of glucoamaylase enzyme used. 

4.4. Statistical Analysis 

Data were analyzed using generalized linear mixed models or linear mixed models 

methodology as implemented in SAS® PROC GLIMMIX based on a randomized complete block 

design (r= 4) with split plot in time restriction on randomization. Before statistical analysis, data 

on shoot and rhizome biomass and cogongrass cover were converted into a percentage reduction 

compared to the nontreated control to adjust for variation not associated with the treatments. 

Percent control data was analyzed without the nontreated control values. The rhizome depth and 

TNC data were analyzed including the nontreated control. Analyses were done using 12, 24, and 

36 MAIT (months after initial treatment) data. Location, treatment, MAIT, and their interactions 

were treated as fixed effects while block (location), treatment by block (location), and MAIT by 

treatment by block (location), were treated as random effects. The factor MAIT was of a 

repeated measures nature that induced a covariance relationship because of the lack of re-

randomization. A heterogeneous autoregressive covariance structure ARH (1) was used to model 
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the covariance relationship between observations taken from the same plot at 12, 24, and 36 

MAIT. Where the location and/or location by treatment interaction were significant, the data are 

presented separately by location. Rhizome and shoot biomass, percent visual control and percent 

cover data were transformed with arcsine of the square root but data transformation did not 

change the results, therefore non-transformed means are presented. No transformations were 

required for % TNC and rhizome depth data. Multiple means’ comparisons of significant effects 

were made using the ‘Adj=simulate’ option in SAS PROC GLIMMIX at the 5% significance 

level.  

4.5. Results and Discussion 

Mean monthly air temperature and cumulative precipitation data indicate fairly stable 

climatic conditions from year to year. The pattern of mean monthly air temperature during each 

year was quite similar to the 118–year average (Figure 4.1). Similarly, the precipitation pattern 

was relatively stable. However, the cumulative precipitation varied from year to year and from 

the 118-year average of 157 cm (Figure 4.2). Cumulative precipitation totaled 137, 193, 152, and 

127 cm during 2008, 2009, 2010, and 2011, respectively (http://www.ncdc.noaa.gov).  The fall 

of 2009 and winter of 2010 were slightly wetter than in other years, while the 2011 spring and 

the summer were drier than normal. 

Analysis of the data revealed significant effects of location and location by treatment 

interaction. This suggested that the efficacy of certain treatments varied with the location. Within 

each location however, the 12, 24, and 36 MAIT data indicated a similar pattern of differences 

among treatments. Since the main objective of this research was the eradication of cogongrass, 
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the results from different response variables are discussed with a focus on 36 MAIT data within 

each location.  

In the nontreated control plots within a location, significant differences occurred in 

percent cover, shoot biomass and TNC levels over the three treatment application months at 36 

MAIT (Table 4.1). However, the rhizome depth was similar at both locations. At 36 MAIT, 

percent cover in nontreated control plots varied from 51 to 73 % at Tillman’s Corner and from 

58 to 80% at Bayou La Batre.  At both locations, percent cover in October was significantly 

higher than in May. A similar trend was observed for shoot biomass. At Tillman’s Corner, shoot 

biomass ranged from 156 g m-2(1.56 tons ha-1) in May to 356 g m-2 (3.56 tons ha-1) in October.  

At Bayou La Batre, shoot biomass varied between 300 g m-2 (3.0 tons ha-1) in May to 524 g m-2 

(5.24 tons ha-1) in October. No differences were observed in rhizome biomass over the three 

treatment application months at Tillman’s corner. Previous research also documented similar 

seasonal variation in shoot biomass (Shilling et al. 1997).  

At Tillman’s Corner, rhizome biomass did not vary significantly over the sample periods, 

ranging from 6.2 to 6.7 tons ha-1. At Bayou La Batre, biomass varied between 4.6 tons ha-1 in 

May to 8.7 tons ha-1 in October. Similar quantities of rhizome biomass have been reported by of 

previous researchers (Soerjani, 1970 and Omezine and Harzalla, 2009). Moreover, rhizome 

biomass levels as high as 40 tons ha-1 have also been recorded (Terry et al.1997). The minimum 

rhizome and shoot biomass in May could be attributed to the utilization of reserved 

photosynthates in rhizomes for new growth as well as flowering that in Alabama typically occurs 

in the spring. The maximum biomass in October resulted from the production of new rhizomes 

throughout the summer and fall. Additionally, some temporal and spatial variation in rhizome 

biomass may also occur due to density related mortality (Reineke 1933; Yoda et al. 1963).  
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Total nonstructural carbohydrate levels at both locations differed significantly over the 

three treatment application months. At Tillman’s Corner, the May TNC levels were significantly 

lower than in October. However at Bayou La Batre, the lowest TNC levels occurred in August. 

Previous research indicates significant seasonal variations in the TNC content of other plants 

(Amy 1932; Becker and Fawcett 1998; Hodgson 1968; Potter et al 1986; Saldivar et al. 1992; 

Saxena and Ramakrishan 1983; Stam Katovich et al. 1998). In addition, diurnal variations in 

TNC content have also been reported (Greenfield and Smith 1974).  

With regard to rhizome depth, no significant difference occurred over the sample periods 

in the nontreated control plots. At both locations average rhizome depth was 16-17 cm. Usually, 

rhizomes grow shallower (less than 20 cm) in fine textured soils and deeper (greater than 50 cm) 

in sandy soils (Omezine and Harzalla 2009). However, past research has documented cogongrass 

rhizomes to grow as deep as one meter (Holm et al. 1977; Bryson and Carter 1993; Gaffney 

1996; Omezine and Harzalla 2009). Nevertheless, cogongrass is unlikely to send out shoots from 

rhizome located deeper than 8 cm (Wilcut et al. 1988a and 1988b). 

At 36 MAIT at Tillman’s Corner, complete eradication of cogongrass was achieved at 

Tilman’s Corner with glyphosate applied in May and October, imazapyr applied in August or 

October, and glyphosate + imazapyr applied at any of the three timings. Collectively, zero 

percent cogongrass cover from the quadrat data, a 100% reduction in shoot and rhizome biomass, 

and 100% visual control (which encompassed a thorough search of the entire plot for any 

cogongrass shoots not detected in quadrat sampling), and a zero measurement of rhizome depth, 

data indicated the achievement of eradication by these treatments (Table 4.2). With the imazapyr 

treatment applied in May, cogongrass shoot and rhizome biomass was not detected within the 

sampling area (0.25 m-2quadrat). However, percent cover in three additional quadrats and a 
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visual percent control assessment on the whole plot basis indicated a small percentage of 

cogongrass remaining which indicates eradication was not achieved. Glyphosate applied in either 

August or October completely failed in cogongrass eradication, as evidenced by all variables 

collected.  

At 36 MAIT for each treatment timing at Bayou La Batre, complete eradication was 

achieved with all imazapyr and glyphosate + imazapyr treatments (Table 4.3). Glyphosate 

applied in May and October each year also resulted in eradication.  However, glyphosate applied 

in either August or October did not eradicate cogongrass by 36 MAIT, although these treatments 

were more effective at Bayou La Batre than Tillman’s Corner.  

 On the basis of these results, the following treatments are found to be highly potent for 

eradicating cogongrass; 1) Glyphosate applied in May and October; 2) imazapyr applied at 

August or October timings; 3) glyphosate + imazapyr applied at May, August or October 

timings. Over the duration of this study, the pattern of rhizome biomass depletion over time was 

the single most suitable criterion to elucidate the relative efficacy of treatments. However, the 

confirmation of eradication was done based on multiple criteria as previously described. 

Therefore, to demonstrate the relative speed of eradication with different treatments, the 

following discussion will focus on the rhizome biomass depletion trends in select treatments 

within a location. 

4.5.1. Tillman’s Corner  

With the May + October glyphosate treatment, the rhizome biomass elimination pattern 

was not very consistent until 18 MAIT (Figure 4.3a). Six months after the first glyphosate 

treatment i.e., in October 2008 rhizome biomass showed significant recovery. However, the 
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October glyphosate treatment reversed the trend again. By 12 MAIT, rhizome biomass (280 g m-

2) was 64% lower compared with rhizome biomass before treatment initiation (784 g m-2). 

Previous researchers obtained as high as 80% reduction in rhizome biomass 12 MAIT with a 

single glyphosate treatment, alone or in combination with disking (Enloe et al. 2012; Ramsey et 

al. 2003; Shilling et al. 1997; Willard et al. 1996). A second uptrend in rhizome biomass 

occurred at 18 MAIT i.e., in October when rhizome biomass almost doubled compared to that at 

12 MAIT.  However, the glyphosate treatment in October 2009 again reversed the trend. By 24 

MAIT, 77% of the rhizome biomass (180 g m-2) was eliminated compared with 784 g m-2 

measured before treatment initiation. After the fourth glyphosate treatment, rhizome biomass 

followed a continuous downtrend and never recovered. By 30 MAIT, rhizome biomass (8 g m-2) 

was 99% eliminated.  Complete rhizome eradication in May + October glyphosate treated plots 

was achieved at 36 MAIT which was confirmed by all variables collected.   

With the August imazapyr treatment, rhizome biomass was eliminated linearly from 3 

MAIT to 15 MAIT. By 12 MAIT rhizome biomass was  reduced significantly, by more than 74 

% (to 235 g m-2) compared with before treatment biomass of 896 g m-2 (Figure 4.3b).  Similar 

results have been reported at 12 MAIT in previous studies (Enloe et al. 2012; Ramsey et al. 

2003; Johnson et al.1999; Shilling et al. 1997). From 15 to 24 MAIT, more than 96% of rhizome 

biomass was eliminated and rhizomes were totally eliminated in three of the four blocks.  

Cogongrass eradication in all 4 blocks was achieved at 33 MAIT as confirmed by all variables 

collected.  

With the October imazapyr treatment, rhizome biomass was eliminated almost linearly 

until 12 MAIT. By 12 MAIT, rhizome biomass was reduced by 90% (to 77 g m-2) compared with 

744 g m-2 before treatment initiation. From 12 to 24 MAIT, the rate of further elimination was 
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very low. By 24 MAIT, more than 99% of rhizome biomass was eliminated, with total 

elimination of rhizomes in three of the four blocks. At 30 MAIT, rhizome biomass was 

completely eliminated in all four blocks which was confirmed by all variables collected. These 

results indicate that the October imazapyr treatment resulted in eradication 3 months earlier than 

the August imazapyr treatment. 

The May glyphosate + imazapyr treatment eliminated rhizome biomass almost linearly 

until 15 MAIT (Figure 4.3c). By 12 MAIT, rhizome biomass (307 g m-2) was reduced by 61% 

and was significantly lower than rhizome biomass before treatment initiation (784 g m-2) (Figure 

4.3c). Minogue et al. (2012) obtained 60 to 65 % control of cogongrass two years after treatment. 

By 15 MAIT, rhizome biomass (86 g m-2) was 89% eliminated and was significantly less than at 

12 MAIT. By 24 MAIT, 99% of rhizome biomass was eliminated. At 27 MAIT, rhizome 

biomass was not detected within the sampling area (0.25 m-2quadrat) in any of the four blocks. 

However, complete rhizome eradication as confirmed by all variables collected was not achieved 

until 30 MAIT.  Similarly, with the August glyphosate + imazapyr treatment rhizome biomass 

was reduced by 65 % to 314 g m-2  by 12 MAIT,  which was significantly less  than the before 

treatment  biomass (896 g m-2). By 24 MAIT, rhizome biomass (77 g m-2) was 95 % eliminated, 

which was a significant reduction from 12 MAIT levels. At 27 MAIT, no rhizomes were 

detected within the sampling area (0.25 m-2quadrat) in any of the four blocks. However, as 

confirmed by all variables collected, complete eradication was not achieved until 33 MAIT 

which With regard to October glyphosate + imazapyr treatment, rhizome biomass (287g m-2) was 

reduced by 61%  and significantly lower by 12 MAIT  than biomass before treatment initiation 

(744 g m-2). Furthermore, by 15 MAIT, rhizome biomass was reduced by 93% to 49 g m-2   

which was a significant drop from 12 MAIT. By 24 MAIT, 99% of the rhizome biomass was 
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eliminated and rhizomes were detected in only one of the four blocks.  The rhizome biomass was 

completely eliminated, as confirmed by all variables collected, at 27 MAIT. Therefore, the 

October glyphosate + imazapyr treatment provided cogongrass eradication three and six months 

earlier than the similar May and August treatments, respectively. In contrast, Minogue et al. 

(2012) found a September glyphosate + imazapyr treatment more effective than an October 

treatment. 

4.5.2. Bayou La Batre 

The May + October glyphosate treatment was highly effective and indicated a steeper and 

more consistent pattern of rhizome biomass elimination compared with the same treatment at 

Tillman’s Corner. The first glyphosate treatment resulted in only 43 % elimination of rhizome 

biomass. However, there was no upward trend in biomass at 6 MAIT as observed at the 

Tillman’s Corner site. By 12 MAIT, rhizome biomass was reduced by 95% (to 34 g m-2), 

compared with biomass of 756 g m-2 before treatment initiation (Figure 4.4a). In a previous study 

with the same treatments, Enloe et al. (2012) obtained 77% reduction in rhizome biomass 12 

MAIT. After the third glyphosate application in May 2009, rhizomes were detected within the 

sampling area (0.25 m-2quadrat) in only one of the four blocks. Complete rhizome eradication, as 

confirmed by all variables collected, occurred at 18 MAIT.  

With the May imazapyr treatment, rhizome biomass was eliminated almost linearly 

through 15 MAIT. By 12 MAIT, rhizome biomass (161 g m-2) was significantly reduced 

compared to 756 g m-2 measured before treatment initiation (Figure 4.4b).  Similar results have 

been reported by previous researchers (Enloe et al. 2012; Ramsey et al. 2003; Shilling et al. 

1997). By 15 MAIT, rhizome biomass was completely eliminated in three of the four blocks. 
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However, complete rhizome eradication, as confirmed by all variables collected, was not 

achieved until 27 MAIT. Similarly, with the August imazapyr treatment, rhizome biomass was 

eliminated linearly through 12 MAIT. By 12 MAIT, rhizome biomass was reduced 99%, from 

922 g m-2 before treatment initiation to 4.7 g m-2. By 18 MAIT, rhizome biomass was completely 

eliminated in three of the four blocks. However, complete rhizome eradication was not 

confirmed until 33 MAIT. With the October imazapyr treatment, most rhizome biomass 

reduction (88 %) occurred by 9 MAIT. By 12 MAIT, rhizome biomass was reduced by 95%, 

from 812 g m-2 before treatment initiation to 43 g m-2. From 12 to 24 MAIT, rhizomes were 

detected within the sampling area (0.25 m-2quadrat) in only two of the four blocks. By 24 MAIT, 

rhizomes were eliminated in three of the four blocks. However, complete rhizome eradication, as 

confirmed by all variables collected, was not achieved until 30 MAIT. 

 With the May glyphosate + imazapyr treatment, rhizome biomass was reduced 

significantly by 3 MAIT to 343 g m-2 compared with 756 g m-2 before treatment initiation. By 12 

MAIT, 72% of rhizome biomass was eliminated (Figure 4.4c).  Furthermore, by 15 MAIT, 

rhizome biomass was completely eliminated in two of the four blocks. Complete rhizome 

eradication was achieved at 27 MAIT as confirmed by all variables collected. Similarly with the 

August glyphosate + imazapyr treatment, rhizome biomass was eliminated linearly until 12 

MAIT. Rhizome biomass was significantly reduced by 6 MAIT to117 g m-2 compared with 922 

g m-2 before treatment initiation. By 12 MAIT, rhizome biomass was 97% eliminated.  However, 

complete rhizome eradication, as confirmed by all variables collected, was not achieved until 27 

MAIT.  A similar trend of rhizome biomass elimination and eventual eradication was observed 

with the October glyphosate + imazapyr treatment. 
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Our research indicates significant differences in the response of cogongrass to May + 

October glyphosate treatment at two locations. Rhizome eradication occurred more quickly at 

Bayou La Batre (18 MAIT) than at Tillman’s Corner (36 MAIT). Similar location related 

differences in response of cogongrass to foliar applications of glyphosate were reported from 

central Florida (Shilling et al.1997). The observed differences in glyphosate efficacy at two 

locations may be due to the morphological and ecotypic differences. Similarly, imazapyr and 

glyphosate + imazapyr resulted in higher initial elimination of rhizome biomass at Bayou La 

Batre than at Tillman’s Corner. These differences may be attributed to the variation in the soil 

type (Shilling et al. 1997), cogongrass morphology (Bryson et al. 2010), and ecotypes (Capo-

chichi et al. 2008) at two locations. Relatively fine textured soils at Tillman’s Corner might have 

adsorbed more imazapyr and thereby reduced its efficacy when applied alone or in combination 

with the glyphosate. Nevertheless, it took 27 to 33 months for either imazapyr or glyphosate + 

imazapyr to eradicate cogongrass at each location. At both locations the October imazapyr or 

glyphosate + imazapyr treatments were quicker in terms of time to eradication than similar 

treatments in August. Willard et al. (1997) reported similar response of cogongrass to imazapyr 

and tank mixtures of glyphosate and imazapyr regardless of combination rate. However, they 

concluded that sequential applications of glyphosate + imazapyr provided the best control. 

Furthermore, fall-season applications (September to November) of  glyphosate or imazapyr have 

been shown to be more effective due to better translocation of herbicides to the underground 

rhizomes as photosynthates are directed towards rhizomes in the fall (Faircloth et al. 2005; 

Johnson 1999 and 2000; Miller 2007; Minogue et al. 2012; Shilling et al. 1997).  

Therefore, we conclude that cogongrass can be eradicated with a rigid sequential 

application program. Two glyphosate (May + October) treatments per year can eradicate 
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cogongrass; however, the time required for eradication may vary from location to location.   

Similarly, annual applications of either imazapyr or glyphosate + imazapyr, for at least three 

years, at any time of the year were more effective than glyphosate alone in eradicating 

cogongrass.  Regardless, succession by suitable native vegetation is warranted to prevent 

reinvasion of the eradicated areas by windblown seeds from surrounding cogongrass infested 

areas. 
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Table 4.1. Cogongrass parameters in the untreated control plots by location and treatment timing at 36 MAIT.  

Location Timing --------------Shoot-------------- ------------------------- Rhizome -------------------------- 

  % Cover Biomass (g m-2) Biomass (g m-2) Depth  (cm) TNC (%) 

Tillman’s Corner May 51 b 156 b 624 a 15 a 27 b 

 August 64 ab 244 ab 596 a 17 a 33 b 

 October 73 a 356 a 668 a 17 a 47 a 

 Mean 63 252 629 16 36 

Bayou La Batre May 58 b 300 b 460 b 18 a 42 a 

 August 69 ab 296 b 564 b 14 a 32 b 

 October 80 a 524 a 872 a 18 a 41 a 

 Mean 69 373 632 17 38 

a Abbreviations: MAIT; months after treatment initiation.  
bMeans within location  and column followed by same letter are not significant different at P = 0.05. 
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Table 4.2. Cogongrass parameters in the treated plots by treatment and timing at 36 MAIT at Tillman's Corner, AL. 

Treatment Cogongrass response variables 

Herbicide Application time 
Green 
cover 

Shoot 
biomass 

Rhizome 
biomass 

Visual 
control 

Rhizome   
depth 

Rhizome 
TNC 

  
-------------------% Reduction----------------- cm % 

Glyphosate May + October 100 100 100 100 0 0 
August 25 58 63 51 10 40 
October 73 83 88 81 8 41 

              Mean 75 80 83 77 6 27 
Imazapyr May 96 100 100 99 0 0 

August 100 100 100 100 0 0 
October 100 100 100 100 0 0 

               Mean 100 100 100 99.7 0 0 
Glyphosate + Imazapyr May 100 100 100 100 0 0 

August 100 100 100 100 0 0 
October 100 100 100 100 0 0 

              Mean 100 100 100 100 0 0 
                        LSD (0.05)c  25 28 30 36 ns ns 

a Abbreviations: MAIT = months after initial treatment. 
b Green cover, rhizome biomass, shoot biomass, and visual control  data represent percent reduction compared to the untreated control.  
cLSD (0.05); least significant difference for comparison between any two individual treatments within each column. Rhizome depth 
and TNC data at 36 MAIT were analyzed excluding 0 values. 
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Table 4.3. Cogongrass parameters in the treated plots by treatment and timing at 36 MAIT at Bayou La Batre, AL. 

Treatment Cogongrass response variables 

Herbicide Application time 
Green 
cover 

Shoot 
biomass 

Rhizome 
biomass 

Visual 
control 

Rhizome   
depth 

Rhizome 
   TNC 

  
%     cm      % 

Glyphosate May + October 100 100 100 100 0 0 
August 96 100 100 97 0 0 
October 98 100 100 98 0 0 

              Mean 98 100 100 98 0 0 
Imazapyr May 100 100 100 100 0 0 

August 100 100 100 100 0 0 
October 100 100 100 100 0 0 

               Mean 100 100 100 100 0 0 
Glyphosate + Imazapyr May 100 100 100 100 0 0 

August 100 100 100 100 0 0 
October 100 100 100 100 0 0 

              Mean 100 100 100 100 0 0 
                        LSD (0.05)  ns ns ns ns        ns ns 

a Abbreviations: MAIT; months after treatment initiation.  
b Green cover, rhizome biomass, shoot biomass, and visual control  data represent percent reduction compared to the untreated control.  
cLSD (0.05); least significant difference for comparison between any two individual treatments within column. 
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Figure 4.1. Mean monthly air temperature during the study period in relation to 118-years 

average. 
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Figure 4.2. Cumulative precipitation during the study period in relation to 118-years average. 
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Figures 4.3. Pattern of rhizome biomass depletion at Tillman’s Corner; A) Glyphosate; B) 
Imazapyr; C) Glyphosate + Imazapyr.  biomass means with standard errors at 
different times of the year over four study years. Initial values for each treatment 
timing represent rhizome biomass mean and standard error in the nontreated control 
at the time of treatment initiation. For May or May + October timings, MAIT were: 0, 
3, 6 in 2008; 12, 15, 18 in 2009; 24, 27, 30 in 2010; 36, 39, 42 in 2011. For August 
timing, MAIT were: 0, 3 in 2008; 9, 12, 15in 2009; 21, 24, 27 in 2010; 33, 36, 39 in 
2011. For October timing, MAIT were: 0 in 2008; 6, 9, 12 in 2009; 18, 21, 24 in 
2010; 30, 33, 36 in 2011.
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Figure 4.4. Pattern of rhizome biomass depletion at Bayou La Batre; A) Glyphosate; B) 
Imazapyr; C) Glyphosate + Imazapyr. Biomass means with standard errors at 
different times of the year over four study years. Initial values for each treatment 
timing represent rhizome biomass mean and standard error in the nontreated control 
at the time of treatment initiation. For May or May + October timings, MAIT were: 0, 
3, 6 in 2008; 12, 15, 18 in 2009; 24, 27, 30 in 2010; 36, 39, 42 in 2011. For August 
timing, MAIT were: 0, 3 in 2008; 9, 12, 15in 2009; 21, 24, 27 in 2010; 33, 36, 39 in 
2011. For October timing, MAIT were: 0 in 2008; 6, 9, 12 in 2009; 18, 21, 24 in 
2010; 30, 33, 36 in 2011. 
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Chapter 5 

Evaluation of Growth Dynamics and Glyphosate Sensitivity of Six Cogongrass Ecotypes 

5.1. Abstract 

Complementary field and laboratory studies were conducted to: 1) evaluate the growth 

dynamics of six cogongrass ecotypes (‘Auburn’, ‘Mobile’, ‘Florida’, ‘Louisiana’, ‘Mississippi’ 

and ‘Red Baron’) in response to a historic soil fertility gradient; and 2) their sensitivity to 

glyphosate herbicide. In a field study, ecotypes were grown over a wide range of soil fertility 

treatments (17 combinations of N, P, and K with or without lime and micronutrients). There was 

significant variation among ecotypes for tiller number, spread diameter, shoot and rhizome 

biomass, rhizome depth, and total nonstructural carbohydrates levels. All ecotypes except for 

‘Red Baron’ were almost equally invasive. Glyphosate (3.36 kg ae ha-1) completely controlled 

aboveground growth, but all ecotypes started to recover by 8 months after glyphosate treatment. 

By 12 months after glyphosate treatment up to 35% recovery was observed, with ‘Red Baron’ 

(1% cover) and ‘Auburn’ (35% cover) being the least and most resilient ecotypes, respectively. 

A complementary greenhouse dose-response study indicated variation in ecotype sensitivity to 

glyphosate. On the basis of LD50 and LD90 values for shoot biomass, three sensitivity groups 

were identified. ‘Florida’, ‘Louisiana’, and ‘Mississippi’ were the most sensitive; ‘Auburn’ and 

‘Mobile’ were moderately sensitive; and ‘Red Baron’ was the least sensitive to glyphosate. 
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5.2. Introduction 

Invasion of a habitat involves interplay between several biotic and abiotic factors and it is 

the interaction between invader, community and environment that determines the fate of an 

invasion (D’Antonio 1993; Robinson et al. 1995; Amsberry et al. 2000). Biotic factors include 

invader genotype, mechanism of seed dispersal, germination requirements, reproductive 

capability, competitive ability, plant community disturbance regime, and the type of native 

vegetation, among others. (Baker 1965; Rejmanek and Richardson 1996; Molofsky et al. 1999). 

Abiotic factors include availability of water, nutrients, and environmental conditions (Crawley 

1987; Huenneke et al. 1990; Burke and Grime 1996; Lonsdale 1999; Bradley et al. 2010).  

Cogongrass [Imperata cylindrica (L.) Beauv. var. major tribe Andropogoneae] is a highly 

invasive, alien, perennial C4 grass which has encroached upon diverse habitat types in the 

southeastern United States (McDonald 2004). This rhizomatous grass is often found growing on 

dry sand dunes, wet swamps, river margins, rights of way, and forest ecosystems including 

commercial pine plantations (Daneshgar et al 2008; Dickens 1974; Chikoye et al. 1999; Garrity 

et al. 1997; Holm et al. 1977; Lippincot 1997; McDonald 2007; Yager et al. 2010). Currently, 

cogongrass occupies more than 500,000 hectares of land in the US and is a noxious weed in 

several southeastern states (Bryson and Carter 1993; Byrd and Bryson 1999, Faircloth et al. 

2005; Van Loan et al. 2002). Cogongrass is perceived as serious threat to pineland ecosystems 

and native vegetation (Eussen and Wirjahardja, 1973; Seavoy, 1975; Eussen, 1980; Lippencott 

2000; Yager et al. 2010).  

Due to large scale pine plantation silviculture, the southern US is known as the wood 

basket of the United States (Schultz 1997). In 1952, pine plantations in the south occupied 1.8 

million acres with the potential to produce 658 million ft3 of timber (Fox et al. 2007). Currently, 
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pine plantations in the southern states occupy 32 million acres that contain 23.9 billion ft3 of 

timber (Fox et al. 2007; Wear and Greis 2002). The practice of fertilization and control of 

competing hardwood vegetation were two of several factors that enhanced pine productivity. 

Fertilization became an operational silvicultural practice in the Southeast in 1962 when slash 

pine (Pinus elliottii Engelm.) showed larger growth response to phosphorus additions on poorly 

drained clay soils in Florida (Pritchett and Swinford 1961; Laird 1972). Consequently, fertilizer 

use in commercial plantations became a widespread practice; in 2004 over 1.2 million acres of 

pine plantations were fertilized (Fox et al. 2007).  Phosphorus is typically the only nutrient 

applied prior to planting, as nitrogen and potassium fertilization are not recommended for trees 

less than five years of age (Dickens et al. 2003). However, 150 to 200 lbs of nitrogen, 25 to 50 

lbs of phosphorus and 50 lbs of potassium are recommended during mid-rotation (5 to 10 years) 

to enhance pine productivity (Dickens et al. 2003). Over the past several decades, cogongrass 

invasion of the southern pine plantations, particularly longleaf pine (Pinus palustris Mill.), is 

rapidly increasing (Brewer, 2008; Daneshgar et al. 2008; Faircloth et al. 2005; King and Grace 

2000; Lippincot 1997; Yager et al. 2010). Consequently, infested pine plantations may not 

produce optimally despite improved fertilization (Daneshgar and Jose 2009).  In fact, the 

availability of nutrients may benefit cogongrass and further exacerbate the competition with pine 

trees and native vegetation (Daneshgar and Jose 2009).  

Cogongrass is a very diverse species (Hubbard et al. 1944). Five varieties of cogongrass 

have been recognized worldwide: I. cylindrica var. africana (Andersson) C. E. Hubb., I. 

cylindrica var. condensata (Steud.) Hack. Ex Stuck., I. cylindrica var. europaea (Andersson) 

Asch. &  Graebn., I. cylindrica var. latifolia (Hook f.) C. E. Hubb., and I. cylindrica var. major 

(Nees) C. E. Hubb.  Additionally, substantial variation exists in morphological and physiological 
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characteristics of cogongrass due to genotypic differences (Capo-chichi et al. 2008; Vergara et 

al. 2008) and varying responses to edaphic factors (Bryson et al. 2010). In addition, some 

morphological and physiological differences also exist within a population among different 

ecotypes (Bryson et al. 2010). A population is classified into different ecotypes based on genetic 

variation within a species that is related to habitat or environment (Sosebee and Wester 1995). 

Glyphosate is often used to control cogongrass in a variety of different situations 

including pine plantations (Dozier et al. 1998; Faircloth et al. 2005; Miller et al. 1999; Minogue 

et al. 2012; Ramsey et al. 2012; Udensi et al. 1999). Glyphosate inhibits the 5-

enolpyruvylshikimate 3-phosphate enzyme thereby preventing the synthesis of the aromatic 

amino acids tryptophan, tyrosine and phenylalanine (Shaner 2005). However, cogongrass control 

with glyphosate is highly inconsistent. Previous research has documented locational differences 

in cogongrass response to glyphosate treatment (Shilling et al. 1997). Furthermore, despite the 

recognition of different cogongrass ecotypes, no research has explored the ability of cogongrass 

ecotypes to establish and spread.  Nor is information available on how they would respond to 

enhanced soil fertility situations as may occur in pine plantations. In addition, the sensitivity of 

different ecotypes to glyphosate has not been quantified. An investigation of the response of 

different cogongrass ecotypes to diverse soil fertility situations can provide insight into 

cogongrass invasion dynamics. Similarly, knowledge about their sensitivity to glyphosate can 

provide critical information for explaining observed differential control of cogongrass by 

glyphosate, contributing to the development of efficacious cogongrass management strategies. 

Therefore, complementary field and greenhouse studies were conducted with following two 

objectives: 
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1) To evaluate growth dynamics of cogongrass ecotypes and their response to 

glyphosate under different soil fertility conditions in the field. 

2) To quantify the level of sensitivity of cogongrass ecotypes to varying rates of 

glyphosate in the greenhouse. 

5.3. Materials and Methods 

5.3.1. Field Study-Response of Ecotypes to Fertility Treatments and Glyphosate 

A field study was conducted from 2007 through 2010 at the Brewton Agricultural 

Research Unit, in Brewton, Alabama, US. Soil of the experimental site was a Benndale fine 

sandy loam (siliceous thermic Typic Paleudults) with < 1% organic matter. Soil pH was variable 

(4.9 to 6.2) because of previous long term fertilizer recommendation trials involving various 

liming and gypsum treatments conducted at the site. . The experiment was established in a split 

plot design with two replications across four blocks (A, B, C, and D). Whole plots (20.7 m by 6.3 

m) consisted of 17 different fertility treatments (Table 5.1) adopted from previous long term 

fertilizer recommendation trials for cotton, corn, and soybean which were established in 1929 

and continued through 2001. The subplots (3.4 m by 6.3 m) were six different cogongrass 

ecotypes: ‘Auburn’, ‘Mobile’, ‘Florida’, ‘Louisiana’, ‘Mississippi’, and ‘Red Baron’. These 

ecotypes were obtained from the cogongrass genotype research conducted at Auburn University 

by Capo-chichi et al. (2008). Before transplanting to the field, cogongrass clones from the six 

ecotypes were raised in greenhouse by vertically planting a three-node rhizome section in 2.5 cm 

diameter containers. A standard potting mixture was used as planting media. Pots were watered 

daily as required to prevent moisture stress and fertilized every week with 20-10-20 (N-P-K) 

Scotts® fertilizer mixture (Scotts Miracle-Gro, Com., Marysville, OH). Ambient temperature and 

light conditions were maintained inside the greenhouse. For the first experimental run, 
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cogongrass clones were transplanted into blocks A and B in August of 2007. For the second 

experimental run, clones were transplanted into blocks C and D in August of 2008.  Data on 

cogongrass spread diameter and tiller number were recorded in blocks A and B in May 2008 and 

in C and D in May 2009. Tillers were counted from area (0.64 m2) between small (radius = 17.1 

cm) and big (radius = 48.3 cm) rings and converted to reflect 1 m2 scale. Purpose of small ring 

was to exclude the original-clone tillers from those produced in field after transplantation. The 

spread diameter was recorded by measuring the horizontal distance between the two most 

distantly spaced tillers within in a subplot.  

Percent live-cogongrass cover was estimated visually in each subplot immediately prior 

to glyphosate application in October using a 0 to 100% scale with zero being equivalent to no 

live aboveground shoot growth and 100 being vigorously growing and healthy cogongrass. 

Glyphosate (Accord® Concentrate, Dow AgroSciences LLC, Indianapolis, IN) was applied at 

3.36 kg ae ha-1, on October 31, 2008 on blocks A and B and on October 31, 2009 on blocks C 

and D as a strip treatment, on half of each subplot, across ecotypes. An ATV mounted boom 

sprayer, fitted with AI 11002 nozzles calibrated to deliver 187 liters ha-1 at 50 psi, was used. 

Cogongrass had been in the field for 15 months at the time of glyphosate application. Visual 

assessments of cover were made about eight and twelve months after each glyphosate treatment 

(MAT). Visual assessments were made on a 0 to 100% scale with zero being complete 

elimination of all cogongrass shoots in the treated plot and 100 being equivalent to the vegetative 

cover and vigor of each cogongrass ecotype in the corresponding control plot on the non-treated 

strip.  

Data on shoot and rhizome biomass, maximum mean live-rhizome depth were recorded 

from a 0.25 m2 quadrat randomly placed in each subplot in the non-treated strip. Green 
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cogongrass shoots were clipped off at the ground level inside the quadrat and oven dried at 60°C 

for 72 h for shoot dry weight.  Rhizome biomass was quantified by excavating a 50 by 50 cm pit 

to a depth of 30 cm in each subplot on the non-treated side. The bottom of each pit was closely 

inspected to verify that no rhizomes were present below the excavation point. Maximum live-

rhizome depth was recorded from all four sides/walls the pit, to determine mean live-rhizome 

depth. Excavated rhizomes were separated from the soil, washed and classified as alive or dead. 

Alive rhizomes within each quadrat were oven dried at 60°C for 72 h and weighed.  

For determining total nonstructural carbohydrate content (TNC), 15 grams of healthy white 

rhizomes were collected, placed inside a plastic freezer bag and stored on dry ice inside a cooler 

to prevent respiration losses during transportation. The rhizome samples were kept in a freezer at 

-20oC until analysis. TNC content was determined by using a tailored version of the Shaffer-

Somogyi method (Harding and Downs, 1933). The method consisted of digesting 0.20 to 0.25 g 

of finely ground (to less than 1 mm) rhizome samples with 50 ml of 0.05 N H2SO4 and boiling 

for 15 minutes. Subsequently, the samples were cooled in a shallow ice-water bath, followed by 

adding 2.5 to 3.0 ml 1.0 N NaOH solution and stirring. The pH of the samples was maintained at 

4.5 ± 0.1 while stirring using 1.0 N and 0.1 N H2SO4 and 1.0 N and 0.1 N NaOH. One ml of 

glucoamaylase enzyme solution was added and stirring was continued. The samples were then 

incubated at 60oCfor one hour and filtered in 250 ml volumetric flasks using 541 Whatman filter 

paper or glass wool. Ten ml of diluted sample was transferred to a test tube, followed by the 

addition of 10 ml of Shaffer-Somogyi solution. Samples were again boiled for 15 minutes and 

cooled immediately in an ice-bath. The cooled samples were treated with 2 ml of potassium 

iodide-oxalate, 10 ml of 1 N H2SO4, 0.2 ml of ‘Fastbreak’ defoamer (1:100) solution, and 1 ml 

of 1% starch solution. Finally, the samples were titrated with 0.02 N sodium thiosulphate 
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solution until a clear light blue end-point. The percentage of TNC in the rhizomes was calculated 

on a dry weight basis using following formula. 

Percent TNC =
Sample TNC(mg) − Enzyme TNC (mg) ∗ 100

Dry sample weight (mg)
 

The sample TNC was determined by subtracting the sample titer value from the blank. 

Enzyme TNC signifies the milligrams of glucoamaylase enzyme used. 

5.3.2. Statistical Analysis 

Statistical analysis was performed using generalized linear mixed models or linear mixed 

models methodology as implemented in SAS® PROC GLIMMIX (version 9.2, SAS Institute, 

Inc., Cary, NC). Data on tiller number, spread diameter, shoot and rhizome biomass, rhizome 

depth, and TNC were analyzed in a split plot design. Fertility, ecotypes, year and all their 

interactions were treated as fixed effects. Block nested within year, block nested within year × 

treatment factors were treated as random effects. The split plot nature of the experiment required 

four different residual terms: 1) block nested within year × fertility as the appropriate error term 

for fertility; (2) block nested within year × fertility × ecotype as the appropriate error term for 

ecotype and its interaction with fertility; 3) block nested within year as the appropriate error term 

for year; and (4) the residual error term as the appropriate error term for all interactions effects of 

year with fertility and ecotype. 

 Since the MAT factor was considered as split plot in time, therefore, the percent cover 

data were analyzed in a split-split plot design. Fertility, ecotypes, MAT, year and all their 

interactions were treated as fixed effects. Block nested within year, block nested within year × 

treatment factors were treated as random effects. The split-split plot nature of the experiment 

required five different residual terms: 1) block nested within year × fertility as the appropriate 
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error term for fertility; (2) block nested within year × fertility × ecotype as the appropriate error 

term for ecotype and its interaction with fertility; 3) block nested within year × fertility × ecotype 

× MAT as the appropriate error term for MAT and its interaction with fertility and ecotype; 4) 

block nested with in year as the appropriate error term for year; and (5) the residual error term as 

the appropriate error term for all interactions effects of year with fertility, ecotype, and MAT. 

The factor MAT is of a repeated measures nature that induces a covariance relationship 

because of the lack of re-randomization. Therefore, an autoregressive covariance structure AR 

(1) was most suitable to model the correlation between observations taken from the same plot at 

different MATs. Rhizome and shoot biomass data were square root transformed. Percent cover 

and TNC data were arcsine square root-transformed. Therefore, back transformed means along 

with 95 % confidence intervals are reported. No transformation was needed for spread diameter, 

tiller number and rhizome depth data. Multiple means’ comparisons of significant effects were 

made using the ‘Adj=simulate’ option in statistical analysis system at the 5% significance level.   

5.3.3. Greenhouse Study-Response of Ecotypes to a Range of Glyphosate Rates 

Two runs of experiments were conducted at the Plant Science Research Center 

greenhouse at Auburn University, Auburn, AL during 2009 –2010 to evaluate the sensitivity of 

six cogongrass ecotypes described above to seven different rates of glyphosate. The first run was 

conducted from February 7, 2009 through September 29, 2009. The second run was conducted 

from October 23, 2009 through August 23, 2010. The experiments were established in a 

completely randomized design with five replications. The seven glyphosate rates used were: 0, 

0.56, 1.12, 2.24, 3.36, 4.48, 8.96 kg ae ha-1 (0, 0.5, 1.0, 2.0, 3.0, 4.0 and 8.0 lbs ae a-1, 

respectively).  
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Two sets were propagated one in 2009 and the other in 2010 from 15 cm long, mature, 

white rhizome sections with five to six intact internodes. Potting mixture consisted of a typical 

field soil with sandy loam texture. Two rhizomes were planted horizontally, about 2.5 cm deep, 

in 22.5 cm diameter pots and eventually thinned to one plant per pot a week after emergence. 

Pots were watered daily as required to prevent moisture stress and fertilized every week with 20-

10-20 (N-P-K) Scotts® fertilizer mixture (Scotts® Miracle-Gro, Com., Marysville, OH).  Ambient 

temperature and light conditions were maintained inside the greenhouse. Ecotypes were allowed 

to grow until a well-developed rhizome system was attained. For run 1 in 2009, cogongrass 

plants were 136 days old at the time of glyphosate (Accord® Concentrate, Dow AgroSciences 

LLC, Indianapolis, IN) treatment  (June 23).  For run 2 in 2010, plants were 210 days old at the 

time of treatment (May 21). Glyphosate treatments were applied inside a spray chamber using 

8002 flat fan nozzle calibrated to deliver 187 liters ha-1 at 207 kPa. A non-ionic surfactant 

(Timberland® 90, UAP, Loveland Products INC, Loveland, CO) was added on 0.5% v/v basis. 

Shoot growth was used to evaluate sensitivity to glyphosate.  Therefore, two weeks after the 

glyphosate treatment, all shoots were clipped off about 2.5 cm above the soil level to allow 

measurement of regrowth. Five weeks after glyphosate treatment (5WAT) shoot regrowth from 

each pot was clipped off, oven dried at 60oC for 72 h, and shoot dry weight was recorded.  

5.3.4. Statistical Analysis 

Before statistical analysis, shoot biomass data were converted to a relative biomass 

compared to the non-treated control of each biotype. Data were subjected to ANOVA using Proc 

GLIMMIX in SAS® (version 9.2, SAS® Institute, Inc., Cary, NC). Experimental run, ecotype, 

glyphosate rate, and their interactions were treated as fixed effects. The error term was defined as 
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the residual in the random effects statement.  Subsequently a non-linear regression equation was 

calculated for each ecotype, using the two parameters exponential decay model:   

                                       Y = A exp (-b. x)  

Where Y is the shoot biomass of the treated plant, A is the shoot biomass of the non-

treated control (intercept), b is constant for the reduction in shoot biomass (slope), and x is the 

glyphosate rate. Data were combined across experimental runs based on a non-significant effect 

of experimental run and its interactions with other factors (P > 0.05).  

5.4. Results and Discussion 

5.4.1. Response of Ecotypes to Fertility Treatments 

5.4.1.1. Tiller Number 

Fertility effect on tiller number was not significant. However, there was significant 

variation among different ecotypes for tiller number (P < 0.0001). ‘Auburn’ produced the 

maximum number of tillers (24 tillers m-2) that were significantly more than ‘Louisiana’ and 

‘Red Baron’ (Figure 5.1). ‘Mobile’, ‘Florida’, and ‘Mississippi’ had similar tiller counts (18 to 

22 tillers m-2). However, ‘Louisiana’ (12 tillers m-2) produced significantly fewer tillers than 

‘Mobile’ and ‘Florida’. Of all ecotypes, ‘Red Baron’ had the lowest tiller number (1 tiller m-2).  

5.4.1.2. Spread Diameter 

A year by ecotype interaction was highly significant (P < 0.05). In 2008, ‘Mississippi’ 

was the fastest spreading ecotype, at 147 cm (Figure 5.2). Similarly, ‘Mobile’,   ‘Florida’ and 

‘Louisiana’ spread 122 to 140 cm in a year, spreading significantly more than ‘Auburn’ and ‘Red 

Baron’ which spread only 82 and 28 cm, respectively. However, ‘Auburn’ was significantly 

more spreading than ‘Red Baron’. In 2009, ‘Louisiana’ ecotype spread 214 cm, which was 
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significantly more than all the other ecotypes except ‘Florida’ (195 cm). Spread diameters of 

‘Mobile’, ‘Florida’ and ‘Mississippi’ ranged between 180 and 195 cm.  As in 2008, ‘Auburn’ 

and ‘Red Baron’ spread significantly less than the other ecotypes, although ‘Auburn’ was 

significantly more expansive than ‘Red Baron’.  

5.4.1.3. Shoot and Rhizome Biomass  

Data analysis revealed a significant effect of fertility and ecotype on shoot and rhizome 

biomass. Significantly less shoot and rhizome biomass occurred in the nontreated control (0-0-0) 

and the no-lime (90-60-60) treatment when compared with all other fertility treatments (Table 

5.2). However, different levels of N, P and K were not significantly different for rhizome and 

shoot biomass.  

A decrease in shoot and rhizome biomass with the addition of N and P may have resulted 

from accompanied decreases in soil pH, cation exchange capacity, calcium, and/or magnesium 

levels (Table 5.1). In contrast, as the K levels increased soil pH, cation exchange capacity, 

calcium, and magnesium levels tended to increase. Furthermore, with regard to an N effect, no 

baseline soil nitrogen test was done to determine differences in nitrogen levels among different 

historic N treatments. Since nitrogen is not adsorbed on the exchange complex like phosphorus 

and is subject to losses such as volatilization, leaching and microbial uptake by the time the 

study was initiated, there may not have been any significant differences in N between different N 

treatments. Furthermore, the minimum rhizome and shoot biomass in both the nontreated control 

(0-0-0) and the no-lime (90-60-60) treatments might have resulted from low pH, cation exchange 

capacity and limited availability of calcium and magnesium associated with these treatments 

(Table 5.1).  However, the treatment with lime only had two times more rhizome and three times 

more shoot biomass than the historic nontreated or no-lime treatments. Interestingly, the plots 
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treated with lime only had soil pH, cation exchange capacity, calcium, and magnesium levels 

that were similar to those observed in the N, P, and K treatments but higher than historic 

nontreated or no-lime treated plots. 

With regard to an ecotype main effect, the highest shoot and rhizome biomass was 

produced by ‘Florida’ although values were not significantly different from ‘Mobile’, 

‘Louisiana’ and ‘Mississippi’ (Table 5.3). Both ‘Auburn’ and ‘Red Baron’ produced 

significantly less shoot biomass than the other ecotypes. However, rhizome biomass of ‘Auburn’ 

ecotype was not different from that of ‘Mobile’, ‘Florida’, ‘Louisiana’, and ‘Mississippi’.  

Furthermore, the shoot and rhizome biomass of ‘Auburn’ was significantly more than that of 

‘Red Baron’.  

5.4.1.4. Rhizome Depth 

For rhizome depth, only the fertility and ecotype main effects were significant (P 

<0.005). Different rates of N, P, and K did not affect rhizome depth. However, rhizome depth 

was significantly less in the historic nontreated control plots (12 cm) than in the plots that 

received any of the fertility treatments (16 cm). Furthermore, the rhizome depth in plots treated 

with lime only (15 cm) was similar to the plots that received any of the fertility treatments. With 

regard to ecotypes, the rhizome depth of ‘Mobile’, ‘Florida’ and ‘Mississippi’ was similar (≥18 

cm) and significantly more than the other ecotypes. ‘Red Baron’ produced significantly 

shallower rhizomes (7 cm) than any of the other ecotypes. Furthermore, the rhizome depth of 

‘Louisiana’ (15 cm) was similar to that of ‘Auburn’ (13 cm).  
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5.4.1.5. Total Nonstructural Carbohydrates 

A year by ecotype interaction was highly significant (P = 0.003) for TNC. In 2009, the 

TNC levels varied from 31 to 33% across ecotypes with no significant differences between 

ecotypes. In 2010, ‘Auburn’ had significantly higher TNC levels (40 %) than ‘Louisiana’ (33 %) 

and ‘Red Baron’ (28 %) which did not differ significantly.  TNC levels in ‘Mobile’, ‘Florida’, 

and ‘Mississippi’ were similar TNC (~39 %) and were significantly greater than observed for 

‘Louisiana’ and ‘Red Baron’. 

5.4.2. Response of Ecotypes to Glyphosate 

5.4.2.1. Field Study  

Cogongrass cover before and after glyphosate treatment was significantly affected by 

fertility and ecotype. Before glyphosate treatment (0 MAT), the nontreated control and no-lime 

plots had significantly less cover compared with other fertility treatments (Table 5.4). 

Glyphosate treatment completely controlled the aboveground growth through mid-summer. At 8 

MAT, cogongrass regrowth varied from 1 to 10% across fertility treatments. By 12 MAT, 

cogongrass growth had recovered to 35 to 50% cover in all fertility treatments except the 

nontreated control and no-lime plots in which cover was still ≤ 3 % (Table 5.4).  

With regard to ecotypes, cover was significantly less in ‘Red Baron’ when compared with 

other ecotypes at 0, 8 and 12 MAT (Table 5.5). Regrowth was not observed in any of the 

ecotypes until mid-summer. However, by 8 MAT, cogongrass started growing back. The 

‘Auburn’ ecotype recovered faster than the other ecotypes. By 12 MAT, cogongrass cover in all 

ecotypes except ‘Red Baron’ had recovered to 16 to 35%. However, only the difference between 

‘Auburn’ with maximum cover (35%) and ‘Red Baron’ (1%) was significant.  
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5.4.2.2. Greenhouse Study 

Anova indicated significant ecotype by glyphosate interaction with respect to shoot 

biomass (P < 0.006). Further analysis revealed a non-linear response of ecotypes to increasing 

glyphosate rates. Thus a non-linear regression equation was calculated for shoot biomass for 

each ecotype, using the exponential decay model (Figures 5.3A and 5.3B).  

‘Mississippi’ had the lowest LD50 (0.64 kg ae ha-1) and LD90 (2.17 kg ae ha-1) values, 

indicating its high sensitivity to glyphosate (Table 5.6).  Although the LD50  values of ‘Florida’ 

(0.73 kg ae ha-1) and ‘Louisiana’ (0.77 kg ae ha-1) were similar only ‘Louisiana’ values were 

significantly different than those of ‘Mississippi’. Nevertheless, ‘Florida’, ‘Mississippi’, and 

‘Louisiana’ did not differ in LD90 values. ‘Auburn’ and ‘Mobile’ had similar LD50 and LD90 

values and were moderate in sensitivity to glyphosate. The minimum reduction in shoot biomass 

was recorded in ‘Red Baron’ indicating higher tolerance to glyphosate than other ecotypes. The 

LD50 and LD90 values for ‘Red Baron’ were 1.85 and 6.73 kg ae ha-1, respectively. 

Significant differences were reported with respect to the rate of decline/slope (-b) in 

shoot biomass among cogongrass ecotypes with varying glyphosate concentration. The rate of 

decline was the maximum for ‘Mississippi’ (-b = 1.17 ± 0.10) which was similar to that of 

‘Florida’ (-b = 1.04 ± 0.08) and ‘Louisiana’ (-b = 1.00 ± 0.09) indicating steeper reduction in the 

biomass of these ecotypes with increasing glyphosate. Similarly, ‘Auburn’ and the ‘Mobile’ had 

similar rate of decline in shoot biomass which was different from that of other ecotypes. Of all 

the ecotypes evaluated, the ‘Red Baron’ had the minimum rate of decline (-b = 0.37 ± 0.05) 

indicating higher glyphosate tolerance compared to the other ecotypes.  
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5.5. Conclusions 

 The growth dynamics of the six ecotypes of cogongrass did not vary significantly across 

most fertility treatments except for the nontreated control and no-lime treatments. These results 

indicate an adaptability of cogongrass to a broad range of soil fertility conditions. However, 

contrary to the previous findings by Wilcut et al. (1988), all cogongrass ecotypes performed 

poorly at soil pH < 5.0 compared to soil at pH ≥ 5.7. Minimum shoot and rhizome biomass was 

recorded from both the nontreated control and no-lime treated plots that had soil pH = 4.9. It may 

be concluded that under managed production systems such as pine plantations, cogongrass can 

grow stably over a wide range of soil fertility. However, it appears that cogongrass growth may 

be more sensitive to soil pH which can modify the availability of various macro- and micro-

nutrients.   

On the basis of growth dynamics, ecotypes could be categorized as; 1) highly aggressive 

which includes ‘Auburn’, ‘Mobile’,  ‘Florida’, ‘Louisiana’, and Mississippi’ 2) non-aggressive 

which includes ‘Red Baron’ only. Under field conditions, all ecotypes expressed similar 

sensitivity to glyphosate (3.36 kg ae ha-1). However, on the basis of greenhouse dose-response 

study, the ecotypes could be distinguished into three sensitivity categories. ‘Red Baron’ was the 

least sensitive, ‘Auburn’ and the ‘Mobile’ ecotypes were moderately sensitive, and ‘Florida’, 

‘Louisiana’, and ‘Mississippi’ were the most sensitive. 

Although ‘Red Baron’ is not as aggressive as the others,  there  are concerns that it could 

transfer  cold resistance into other ecotypes and it may revert to green invasive from and can 

produce viable seeds (Cseke and Talley 2012). Additionally, more research is needed to 

determine the causes of low sensitivity of ‘Red Baron’ to glyphosate as it might raise concerns of 

transfer of glyphosate tolerance trait as well. 
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Table 5.1.  Soil pH, cation exchange capacity, phosphorus, potassium, calcium and magnesium levels in different 

historic fertility treatments at the time of start of study as per soil test report. 

N-P-K Treatment Description   pH 

Cation 
exchange  
capacity 
cmol kg-1 

Phosphorus   
kg ha-1 

Potassium 
kg ha-1 

Calcium 
kg ha-1 

Magnesium 
kg ha-1 

0-60-60 No nitrogen 6.2 3.3 28 66 590 59 
30-60-60 Low nitrogen 6.1 3 18 66 542 60 
60-60-60 Intermediate nitrogen 6.1 2.8 20 60 489 53 
120-60-60 High nitrogen 6 3.2 18 62 447 53 
150-60-60 Very high nitrogen 5.7 2.3 21 53 333 45 
90-0-60 No phosphorus 6.2 2.5 9 65 447 51 
90-30-60 Intermediate phosphorus 5.7 2.6 30 61 354 44 
90-60-0 No potassium 5.8 2.7 41 43 383 47 
90-60-30 Low potassium 5.9 3 39 58 564 67 
90-60-120 High potassium 6 3 35 70 521 57 
0-0-0 Only dolomitic lime 6.1 2.7 10 42 458 52 
90-60-60 Std. NPK and no-lime 4.9 2 49 34 101 14 
90-60-60 Std. NPK and low magnesium 5.7 2.6 39 52 394 25 
90-60-60 Std. NPK and micronutrients 6 2.5 16 53 438 52 
90-60-60 Std. NPK 1 6 3 60 72 539 58 
90-60-60 Std. NPK 2 6 3 18 60 492 59 
0-0-0 Nontreated control 4.9 2.2 17 29 79 13 

a Low magnesium treatment received calcitic lime only, all other treatments, excepting no-lime treatment, received dolomitic lime; 
Std. NPK 1, 90-60-60 annually until 2001; Std. NPK 2, nontreated until 1979 and 90-60-60 thereafter. 
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Table 5.2. Fertility means with 95% confidence limits for shoot and rhizome biomass. 

N-P-K Fertility treatment 
Shoot biomass 

g m-2 95% CL 
Rhizome biomass 

g m-2 95% CL 
0-60-60 No nitrogen 248 180, 328 452 332, 588 
30-60-60 Low nitrogen 228 162, 304 360 252, 484 
60-60-60 Intermediate nitrogen 158 104, 222 352 248, 476 
120-60-60 High nitrogen 153 100, 216 280 188, 392 
150-60-60 Very high nitrogen 160 106, 225 312 212, 428 
90-0-60 No phosphorus 150 98, 213 336 236, 456 
90-30-60 Intermediate phosphorus 123 77, 181 288 192, 400 
90-60-0 No potassium 139 89, 200 268 190, 376 
90-60-30 Low potassium 189 130, 259 352 248, 476 
90-60-120 High potassium 212 150, 286 428 312, 564 
0-0-0 Only dolomitic lime 102* 76, 155 220* 140, 320 
90-60-60 Std. NPK and no-lime 33* 12, 66 108* 56, 180 
90-60-60 Std. NPK and low magnesium 154 101, 217 340 240, 464 
90-60-60 Std. NPK  and micronutrients 178 121, 246 336 232, 456 
90-60-60 Std. NPK 1 225 161, 301 444 328, 584 
90-60-60 Std. NPK 2 226 162, 303 400 288, 532 
0-0-0 Nontreated control 33* 12, 66 112* 56, 188 

a Shoot and rhizome biomass means represent back transformed data. 95% CL represents lower and upper confidence 
limits at P = 0.05.  
b Fertility means averaged over ecotypes and years. 
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Table 5.3. Ecotype means and 95% confidence limits for shoot and rhizome 

biomass and rhizome depth. 

Ecotype 
Shoot  

biomass    
Rhizome   
biomass   

Rhizome 
depth 

 (g m-2) 95% CL (g m-2) 95% CL (cm) 
Red Baron 21 11, 34 69 30, 125 7 c 
Auburn 90 68, 115 292 202, 398 13 b 
Louisiana 218 175, 246 361 261, 478 15 ab 
Mississippi 209 183, 256 382 278, 502 18 a 
Mobile 227 191, 266 396 290, 517 18 a 
Florida 242 205, 282 461 347, 593 19 a 

a Shoot and rhizome biomass means represent back transformed data.95% CL 
represents lower and upper confidence limits at P = 0.05.  
b Ecotype means averaged over fertility treatments and years. 
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Table 5.4. Fertility means with 95% confidence limits for cogongrass cover before and after glyphosate treatment. 

N-P-K Fertility treatment 
 Percent cover  

    0 MAT 95% CL 8 MAT 95% CL 12 MAT 95% CL 
0-60-60 No nitrogen 70 56,82 7 3, 14 31 22, 40 
30-60-60 Low nitrogen 53 39,67 8 3, 14 31 23, 41 
60-60-60 Intermediate nitrogen 57 43,70 7 2, 13 29 19, 37 
120-60-60 High nitrogen 50 36,64 4 2, 10 25 17, 34 
150-60-60 Very high nitrogen 54 40,68 7 2, 13 28 19, 37 
90-0-60 No phosphorus 56 41,69 8 3, 15 26 18, 35 
90-30-60 Intermediate phosphorus 52 38,66 6 2, 12 20 12, 28 
90-60-0 No potassium 45 31,59 10 5, 18 28 20, 37 
90-60-30 Low potassium 56 42,70 9 3, 16 30 21, 39 
90-60-120 High potassium 71 58,83 8 3, 15 36 27, 46 
0-0-0 Only lime 50 36,64 8 3, 16 22 14, 31 
90-60-60 Std. NPK and no-lime 17* 8,29 1* 0, 2 1* 0, 4 
90-60-60 Std. NPK and low magnesium 53 39,67 10 4, 17 29 21, 38 
90-60-60 Std. NPK  and micronutrients 60 45,73 8 3, 15 28 20, 37 
90-60-60 Std. NPK 1 71 57,83 5 2, 11 30 22, 40 
90-60-60 Std. NPK 2 61 47,74 4 2, 6 21 13, 29 
0-0-0 Nontreated control 16* 7,27 1* 0, 2 3* 0, 7 

a Percent cover means at 0, 8, and 12 MAIT represent back transformed data. 95% CL represents lower and upper 
confidence limits for percent cover means at P = 0.05.  
b Fertility means averaged over ecotypes and years.
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Table 5.5. Ecotype means and 95% confidence limits for cogongrass cover before 

and after glyphosate treatment. 

Ecotype 
Percent cover 

0 MAT 95% CL 8 MAT 95% CL 12 MAT 95% CL 

Red Baron 5 2,10 0 0,1 1 0,2 
Auburn 52 46,58 11 6,18 35 29,42 
Louisiana 49 43,56 3 1,6 16 11,22 
Mississippi 52 46,58 6 2,11 23 17,29 
Mobile 52 46,58 5 2,9 22 16,28 
Florida 55 49,62 6 2,10 21 15,27 

a Percent cover means at 0, 8 and 12 months after glyphosate treatment (MAIT) 
represent back transformed data. 95% CL represents lower and upper confidence 
limits for percent cover means at P = 0.05.  
b Ecotype means averaged over fertility treatments and years. 
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Table 5.6. Best fit regression parameters and their standard errors for each cogongrass 

ecotype describing relative shoot biomass response to glyphosate 5 WAT. 

Biotype 
                   Parameters 

LD50* LD90* Pseudo 
R2  A        -b* 

   kg ae ha-1 kg ae ha-1  
Auburn 1.0 ± 0.03 0.75 ±  0.05 1.03 ± 0.06  3.42 ± 0.21 0.99 
Mississippi 1.0 ± 0.04 1.17 ±  0.10 0.64 ± 0.04 2.17 ± 0.18 0.96 
Florida 1.0 ± 0.04 1.04 ±  0.08 0.73 ± 0.04 2.46 ± 0.18 0.97 
Louisiana 1.0 ± 0.04 1.00 ±  0.09 0.77 ± 0.07 2.56 ± 0.22 0.98 
Mobile 1.0 ± 0.04 0.66 ±  0.06 1.18 ± 0.09 3.91 ± 0.32 0.95 
Red Baron 1.0 ± 0.05 0.37 ±  0.05 1.85 ± 0.19 6.73 ± 0.78 0.91 

a Abbreviations: WAT, weeks after glyphosate treatment; A, intercept; -b, slope; LD50 
and LD90, glyphosate concentrations resulting in 50 and 90 %, respectively, reduction 
in biomass. 
b Significantly different among ecotypes at P = 0.05. 
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Figure 5.1. Mean tiller number with standard error for different   cogongrass 

ecotypes.  
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Figure 5.2. Mean spread diameter with standard error for different cogongrass 

ecotypes.  
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Figure 5.3.  Shoot biomass response; A) Glyphosate sensitive ecotypes; B) 
Glyphosate tolerant ecotypes. Nonlinear regression parameters, calculated 
using two parameter exponential decay model: Y = A exp (-b.x), where Y 
is the relative shoot biomass, x is the glyphosate rate A is the shoot 
biomass of the nontreated, b is a constant for decline in biomass. 
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