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CHAPTER I 

JUSTIFICATION 

 Amaranthus species are some of the most troublesome weed species in North 

American cropping systems (Rosenbaum and Bradley 2013; Sellers et al. 2003). These 

species are known for having extended periods of germination, a rapid growth habit, and 

are prolific seed producers (Mitich 1997; Weaver 1984). Management of Amaranthus 

species is important, as they will compete with and reduce yield of soybean (Glycine max 

L. Merr.), as has been shown with redroot pigweed (Amaranthus retroflexus L.) (Cowan 

et al. 1998; Dieleman et al. 1995; Légère and Schreiber 1989; Oriwick and Schreiber 

1979; Shurtleff and Coble 1985), common waterhemp (Amaranthus rudis Sauer) (Battles 

et al. 1998; Jones et al. 1998), and Palmer amaranth (Amaranthus palmeri S. Wats.) 

(Klingaman and Oliver 1994; Monks and Oliver 1988).  Over the last few decades there 

has been an increase in the adoption of conservation-tillage practices led, in part, by the 

adoption of glyphosate-resistant (GR) soybean (DeVore et al. 2013). No-tillage or strip-

tillage practices were used on over 45% on all soybean hectares in 2010-2011 (USDA 

2015) but the repeated use of glyphosate on millions of hectares has led to the selection 

of GR weed biotypes throughout the world (Heap 2016). Currently, the United States has 

14 GR species, including Palmer amaranth and waterhemp (Heap 2016). However, there 

are currently only two species worldwide with resistance to glufosinate, including 

goosegrass (Eleusine indica) in Malaysia and Italian ryegrass (Lolium perennee ssp. 

Multiflorum) in Oregon (Heap 2016). With the increasing difficulty in controlling GR 

Amaranthus species in GR soybean systems, it is important to evaluate the effect of 

different tillage systems on Amaranthus species emergence in a glufosinate-resistant 
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soybean system. It has been suggested that, in fields with high populations of GR 

Amaranthus species, one year of soil-inversion operations combined with pre-emergent 

(PRE) herbicides can reduce Amaranthus emergence in the first year and also the 

populations in the following years. This one time inversion of the soil followed by a 

return to conservation-tillage practices would minimize the risk of returning GR 

Amaranthus seed back to the surface in following years (Shaw et al. 2012). Research is 

needed to evaluate the efficacy of this management strategy for Amaranthus control in 

soybean (Shaw et al. 2012).  The objectives of this research are to: 1) determine the effect 

of four tillage treatments (deep, conventional, minimum and no-tillage), with and without 

a residual herbicide program, on season-long emergence of Amaranthus species in 

glufosinate-resistant soybean across a broad geography in the Mid-western United States 

and 2) determine the effect of those four tillage treatments on the vertical distribution of 

Amaranthus seed in the soil profile. 

 Palmer amaranth is one of the most economically impactful GR weed species in 

the U.S. (Beckie 2006; Webster and Nichols 2012). In recent years there has been an 

increased occurrence of GR Palmer amaranth in the northern U.S., where previously this 

weed was mostly confined to the Southern U.S. (Heap 2016; Webster and Nichols 2012). 

Some of this expansion can be attributed to movement of seed through machinery, seed 

and feed (Cousens and Mortimer 1995; Legleiter and Johnson 2013). However, 

waterfowl have also been implicated as they have been shown to have the ability to 

disperse wetland plant seeds over long distances (Coughlan et al. 2015; Mueller and van 

der Valk 2002; Raulings et al. 2011; Reynolds et al. 2015; Soons et al. 2008; 

Wongsriphuek et al. 2008). There has been little research on the ability of waterfowl to 
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transport agronomically important weed species, with only one study by DeVlaming and 

Proctor (1968) in which Palmer amaranth was investigated. With recent shifts in weed 

populations, as well as the increasing number of herbicide resistant weed species, it is 

important to evaluate the potential role waterfowl may play in the long-distance dispersal 

of agronomic weed seeds. The objectives of this research are to: 1) determine what weed 

species are being transported throughout Missouri by ducks and snow geese and 2) 

determine the recovery rate and viability of 13 agronomic weed species after passage 

through a duck’s digestive system.  

LITERATURE REVIEW 

Use of Tillage for Weed Control  

  Tillage dates back to the beginning of civilization and is an important aspect of 

agroecosystems (Lal et al. 2007). Tillage has been defined as the disturbance, through 

mechanical manipulation, of the soil and plant residues for the purpose of crop 

production (Reicosky and Allmaras 2003). Indigenous people of North America would 

dig holes to bury corn seed with fish in an early form of agriculture (Triplett and Dick 

2008). Farmers have relied on tillage to create a smooth, weed-free seedbed as well as to 

incorporate fertilizer, lime and other inputs (Gebhardt et al. 1985). Tillage is a useful tool 

for controlling established weed populations by preventing seed production and killing 

live weeds before they can reproduce (Nichols et al. 2015). Tillage has a large impact on 

the vertical distribution of weed seed in the soil profile (Cousens and Moss 1990; Roberts 

1963; Starica et al. 1990). This distribution plays a critical role in determining weed seed 

germination, emergence, survival, and weed population dynamics within a given 

production agriculture field (Buhler 1995; Mohler et al. 2006). Tillage affects seedling 
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emergence (Dyer 1995; Mulugeta and Stoltenberg 1997; Webster et al. 1998; Yenish et 

al. 1992) through changes in environmental factors, such as temperature, moisture and 

oxygen (Benech-Arnold et al. 2000). These changes can then impact weed emergence 

(Leon and Owen 2006). Tillage implements that provide deep inversion of the soil, such 

as a moldboard plow, place weed seed low enough in the soil profile to prevent 

successful germination and emergence (DeVore et al. 2013). Tillage can also stimulate 

germination for weed seeds that require flashes of light, scarification to break mechanical 

dormancy, fluctuating temperatures, ambient CO2 concentrations, and/or higher levels of 

nitrate (Benech-Arnold et al. 2000). When moisture limiting conditions are absent, 

germination stimuli are usually higher nearer the soil surface, which are light-rich with 

diurnal temperature fluctuations, regardless of the tillage practice (Gallandt et al. 2004). 

Germination stimulus decreases with depth as light is less available and temperature 

changes are buffered (Gallandt et al. 2004). Weed seeds generally lose viability due to 

desiccation and harsh weather at or near the soil surface (Anderson 2005; Moyer et al. 

1994), while burial of weed seed increases survival (Froud-Williams et al. 1984; Mohler 

and Galford 1997). Seedlings are able to emerge from deeper in the soil profile in tilled 

compared to non-tilled soils (Buhler and Mester 1991; Chhokar et al. 2007; Franke et al. 

2007; Froud-Williams et al. 1984; Mohler and Galford 1997). The variability with which 

weed seed is buried greatly depends on the tillage tool, the tillage depth and the 

environmental conditions (Colbach et al. 2000; Cousens and Moss 1990; Gruber et al. 

2010; Grundy et al. 1999; Roger-Estrade et al. 2001). Experiments observing weed 

response to tillage involve the complex interactions between factors such as cropping 

history of the field, weather and the duration of the experiment (Mohler 1993).  
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 The moldboard plow is considered the standard inversion tillage implement 

(Shaw et al. 2012). Inversion tillage is defined as “tillage that flips over a layer (often 6 – 

12 inches) of soil burying surface residues in the process” (Shaw et al. 2012). The 

ancestor to the modern moldboard plow was a wooden plow known as the “Triptolemos 

ard” that was named after the Greek God about 4000 BC (Glob 1951). The ard eventually 

evolved into the “Roman plow” as described by Virgil about 1 AD (Fowler 2002; White 

2010). The Roman plow transitioned into a soil-inverting plow during the 8
th

 and 10
th

 

century AD (Lerche 1994). Thomas Jefferson designed a plow that was used in the 

United States, patented by Charles Newford in 1796, and eventually marketed in the 

1830s as a cast iron plow by a blacksmith named John Deere (Lal et al. 2007). The 

modern moldboard plow, as well as tandem-disk harrows, have been shown to bury 60 -

100% of crop residues  (Good and Smika 1978). Nichols et al. (2015) utilized previous 

tillage research (Dorado et al. 1999; Mohler 1993) to predict theoretical seed distribution 

in the first year following seed rain for moldboard tillage to a depth of 20 cm. They found 

that the majority of seeds would be placed within the 5 – 15 cm soil profile range 

(Nichols et al. 2015). Moldboard plowing not only kills plants but it also buries >95% of 

the weed seeds at a depth where most cannot germinate (Douglas and Peltzer 2004; 

Morris et al. 2010). Soil type can also affect the vertical distribution of weed seeds in the 

soil profile in response to moldboard plowing (Swanton et al. 2000). Swanton et al. 

(2000), found that the moldboard plow resulted in less-uniform vertical weed seed 

distribution in a location with sandy soils, with 63% of the seeds concentrated at a depth 

of 10-15 cm. However, other researchers have reported uniform distributed of weed seed 

over the tillage depth (15 cm) in a moldboard plow system (Clements et al. 1996; Yenish 
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et al. 1992). Clements et al. (1996), in a study on a silt loam soil, reported that 38% of the 

weed seeds were buried within the 10-15 cm soil profile layer. Similar results were found 

by Yenish et al. (1992), in a study on a silt loam and loamy sand, with moldboard 

plowing resulting in a uniform distribution of weed seeds in the top 19 cm of the soil 

profile. In an on farm study over the course of eight seasons with moldboard plowing 

each fall, Clements et al. (1996) found that moldboard plowed fields had the largest 

seedbank, at 2667 seeds m
-2

 in the top 15 cm. Other studies have shown increased yields 

as a result of fall deep tillage practices. For example, in soybean in Arkansas, a fall 

moldboard plowing resulted in an average yield increase of 580 kg ha
-1

, and these 

increases were attributed to better water infiltration and storage (Popp et al. 2001). In a 

separate study of soybean following fall deep tillage in Mississippi an average increase of 

365 kg ha
-1

 was reported. This yield increase resulted in an average increase in net returns 

of $71 ha
-1

 (Wesley et al. 2001). 

 Conventional tillage is defined as “full-width tillage that disturbs the entire soil 

surface and is performed before and/or during planting” (Shaw et al. 2012). Conventional 

tillage has less than 15% residue cover after planting and generally involves numerous 

tillage trips (USEPA 2009). The most recent survey data from 2008 showed that 20% of 

Missouri’s soybean acres were grown using conventional tillage practices (Horowitz et 

al. 2010). Chisel plows were developed to operate deep enough to shatter hardpans and 

improve water infiltration. They can also be adjusted to preserve residue (Bowman 1997). 

Weed control with chisel plows varies with soil conditions and weed density (Bowman 

1997). Chisel plows are often used in conventional tillage programs and have been shown 

to move seed surrogates from the surface into the 2-6 and 6-10 cm soil profile layers 
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(Mohler et al. 2006). In a study by Swanton et al (2000), the chisel plow system 

concentrated 66% of seeds within the 5-10 cm soil profile layer. This was in 

contradiction to Ball (1992) who reported that 63% of the seeds in the chisel plow system 

were placed in the 0-5 cm layer. Similar observations were made in other studies 

reporting the largest concentration of seeds for a chisel plow system were found in the 

top 5 cm of the soil profile (Clements et al. 1996; Yenish et al. 1992). These differences 

could be attributed to differences in soil type (Swanton et al. 2000).  

 Field cultivators are another tool that are often used as a component of an overall 

tillage system such as mulch till (tillage that disturbs the uppermost layers of the entire 

soil surface), or also after moldboard plowing or tandem disking (a system intended to 

cut residues, pulverize soil structure, and level the soil surface utilizing a system of dual 

rolling circular blades). Field cultivators are also commonly used in secondary tillage 

operations (disturbance of the top 15 cm or less of the soil profile) (Bowman 1997). Field 

cultivators consist of shanks with sweeps staggered and spaced on four or five toolbars to 

perform broadcast tillage 5 to 12 cm deep across the entire tool width (Bowman 1997). 

Field cultivators are used extensively in conventional tillage programs for secondary pre-

plant tillage (Bowman 1997).  

 Conservation agriculture is defined by The Food and Agriculture Organization 

(FAO) of the United Nations as an “approach to managing agroecosystems for improved 

and sustained productivity, increased profits and food security while preserving and 

enhancing the resource base and the environment” (Mitchell et al. 2016). Conservation 

tillage is implemented in conservation agriculture and is defined as tillage that preserves 

30% or more of the soil surface with crop residues (Bowman 1997; Mitchell et al. 2016). 
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Minimum tillage refers to systems that preserve at least 15% but less than 30% of the soil 

surface with crop residues (CTIC 2015). Reduced tillage could amplify the selection of 

weed species,  to those which have lifecycles and resource demands that complement 

those of the agronomic crop (Chancellor 1985; Dorado et al. 1999). Conventional and 

deep tillage has its disadvantages, including increased soil erosion as well as higher fuel 

and labor requirements (Logan et al. 1987). Reducing tillage intensity, through 

conservation tillage practices, has been shown to reduce soil erosion and water runoff 

(Baumhardt and Lascano 1996; Reeves 1994; Reeves 1997) and also to increase soil 

organic matter, soil water holding capacity, the quantity and diversity of soil organisms, 

and water infiltration (Bruce et al. 1992; Heisler 1998; Kemper and Derpsch 1981; 

Reeves 1994; Reeves 1997; Truman et al. 2003). 

Methods for reducing tillage practices were considered as early as the 1920s 

(Graber 1928). As herbicides became available to replace tillage for weed control in the 

late 1950s and 1960s, no-tillage methods were widely discussed for row-crop production 

(Sprague and Triplett 1986). The introduction of broad-spectrum herbicides as well as the 

development of planters with the ability to place seed directly into the soil through crop 

residues has allowed for the successful large scale adoption of conservation-tillage 

practices across the U.S. (Triplett and Dick 2008). No-till, also known as zero tillage or 

direct seeding systems, is defined as “the technique of planting crops directly into the 

previous crop’s residue without tillage” (Shaw et al. 2012). No-tillage (NT) is also 

described as a system in which “the soil is left undisturbed from harvest to planting 

except for injection of seed and fertilizers” (Mitchell et al. 2016). In 1960, at around the 

same time the herbicide atrazine was introduced, the first sustained NT systems of corn 
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production were established in both Virginia (Moody et al. 1961) and Ohio (Triplett et al. 

1964). Worldwide, adoption of NT has been rapid since the late 1980’s (Derpsch 1998). 

Triplett et al. (1964) described that a successful NT system that utilizes herbicides for 

weed control must: kill the existing vegetation, suppress growth and weed seedlings, not 

injure the crop being grown as well as succeeding crops, and compete in cost with 

alternative weed control techniques. With the lack of tillage, seeds can only infiltrate the 

soil through very slow processes such as cracks, fauna, and freeze-dry cycles. These 

processes usually result in 60-90 percent of the weed seeds accumulating in the top 5 cm 

of the soil (Bàrberi and Lo Cascio 2001; Hoffman et al. 1998; Yenish et al. 1992).  A 

higher proportion of NT seedbanks will germinate compared to conventional or deep 

tilled seedbanks because weed seed is concentrated in the top layer of the soil profile 

(Gallandt et al. 2004). However, increased predation of seed is more apt to occur in NT 

by increasing the proportion of seed available and by limiting the mortality and/or forced 

relocation of granivores (Nichols et al. 2015). In comparison to moldboard plow systems, 

conditions are more favorable for germination and seedling establishment close to the soil 

surface in NT systems. This is important for small-seeded weeds, such as Amaranthus 

species (Felix and Owen 1999; Hoffman et al. 1998; Webster et al. 1998; Yenish et al. 

1992). Studies conducted across multiple soil types have found that NT systems contain 

the largest concentration of weed seed in the uppermost layers of soil (Clements et al. 

1996; Pareja et al. 1985) For example, Swanton et al. (2000) reported that 90% of the 

weed seedbank was concentrated in the top 5 cm of soil. A change in weed control 

strategies from an emphasis on tillage to the adoption of NT increases the need for non-
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selective, broad spectrum pre-plant and residual herbicide applications prior to planting in 

order to plant into weed free fields (Culpepper et al. 2006; Krausz et al. 1993).  

Glyphosate 

 Glyphosate was first introduced in 1974 and has since become one of the world’s 

most widely used herbicides (Baylis 2000; Woodburn 2000). The use of glyphosate 

increased dramatically with the introduction and subsequent adoption of GR crops in 

1996 (Shaner 2000). By the year 2005 glyphosate usage in the U.S. had increased eight 

times compared to usage in 1995 (Duke and Powles 2010). The first GR weed was a 

population of rigid ryegrass (Lolium rigidum) in Australia in 1995 in an orchard where 

glyphosate had been used repeatedly for 15 years (Pratley et al. 1996; Pratley et al. 1999). 

The evolution of resistance in rigid ryegrass in this situation was attributed to the 

repeated application of glyphosate for over 15 years (Beckie 2011). Since 1998, 15 GR 

weeds have been identified in the U.S. (Heap 2016). Many of these cases are in cropping 

systems where repeated applications of glyphosate constituted the only weed 

management strategy (Owen 2010). In 2010, 93 percent of soybean acres in the U.S. 

contained GR varieties (Owen 2010). The over-reliance on glyphosate for weed control 

in soybeans decreased the use of tank mixtures and sequential applications of more than 

one herbicide mode-of-action (Young 2009). Currently, two of the most widespread and 

economically impactful GR weed species in the U.S. are Palmer amaranth and 

waterhemp. Economic costs of controlling GR waterhemp utilizing different PRE 

herbicides in a corn-soybean rotation in southern Illinois were projected to be $44.25/ha 

per year compared to the standard management strategy in 2005 of two applications of 

glyphosate costing $24.70/ha per year (Mueller et al. 2005). Similarly, a standard 
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glyphosate weed management program in GR soybean resulted in a loss of $23/ha when 

GR waterhemp was present, and these costs were attributed to ineffective waterhemp 

control and increased waterhemp competition which resulted in greater soybean yield 

loss (Legleiter et al. 2009).  

Amaranthus species  

 The genus Amaranthus contains about 75 species worldwide (Ward et al. 2013). 

Approximately 50 species are native to the Americas (Kigel 1994). Within Amaranthus 

there is a subgroup of 10 dioecious species (having male and female flowers on separate 

plants) that are native only to North America (Steckel 2007).  All others are monecious, 

which contain male and female flowers on the same plant (Ward et al. 2013). Amaranthus 

species are known for having an extended period of germination, rapid growth habit and 

prolific seed production (Mitich 1997; Weaver 1984). Of these, Palmer amaranth, 

waterhemp and redroot pigweed are three of the most common and persistent weeds in 

southern and Midwestern U.S. cropping systems (Beckie 2006; Horak 1994; Webster and 

Nichols 2012). Between these three, Palmer amaranth and waterhemp are consistently 

ranked as the most troublesome weeds in U.S. soybean production (Beckie 2006; Bradley 

2013; Legleiter and Bradley 2008; Waggoner and Bradley 2011; Webster and Nichols 

2012).  

 Soybean can suffer substantial yield losses due to Palmer amaranth, waterhemp 

and redroot pigweed competition. Soybean yield losses of 43% were reported after ten 

weeks of waterhemp interference at densities from 89 to 362 plants per m
2
 (Hager et al. 

2002). Palmer amaranth that emerged with soybean reduced yield 79% at a density of 8 

plants m
-1

 (Bensch et al. 2003). Yield losses from Palmer amaranth, emerging with corn, 
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at a row density of 8 plants m
-1

, reduced yield by 91% (Massinga et al. 2001). In a study 

with redroot pigweed, soybean yield was reduced by 22% with 16 redroot pigweed plants 

per 10 m of soybean row (Shurtleff and Coble 1985).These three Amaranthus species 

have also evolved resistance to several classes of herbicides (Heap 2016). Currently 

Palmer amaranth has confirmed resistance in the U.S. to six different herbicide modes-of-

action including: glyphosate (EPSP synthase)-, microtubule-, photosystem II-, 

acetolactate sysnthase (ALS)-, protoporphyrinogen (PPO)-, and 4-

hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides (Heap 2016). 

Waterhemp resistance in the U.S. is also reported for six different herbicide modes-of-

action including: glyphosate, synthetic auxins, and ALS-, photosystem II-, PPO-, and 

HPPD-inhibiting herbicides (Heap 2016). Redroot pigweed has evolved resistance to 

photosystem II- and ALS-inhibiting herbicides in the U.S. (Heap 2016).  

 Weed seedbanks reflect the past and present management practices and are an 

indicator of future weed problems (Cavers 1995; Dorado et al. 1999). Sosnoskie et al. 

(2013), in a study of glyphosate-susceptible and GR Palmer amaranth populations, found 

no detectable differences in seed viability. Seed viability of redroot pigweed was reported 

to have decreased rapidly at all burial depths, and ranged from 2 to 11% viability at 18 

months after burial (Egley and Chandler 1978). In another study, redroot pigweed and tall 

waterhemp (Amaranthus tuberculatus) seed buried 20 cm deep in untilled Tripp very fine 

sandy loam soil, had 40 and 14% viability, respectively, after 3 years (Burnside et al. 

1996). In the same study, redroot pigweed and tall waterhemp buried 20 cm deep in 

untilled Sharpsburg silty clay loam soil had 5 and 7% viability, respectively, after 3 years 

(Burnside et al. 1996). However, after 17 years of burial, viable redroot pigweed and tall 
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waterhemp seeds were recovered at <1% and <3%, respectively (Burnside et al. 1996). 

Although some viable Amaranthus seed can be found as far out as 17 years after burial, 

studies indicate that burial below the germination zones can greatly reduce the viable 

weed seedbank, with the depth of burial affecting seed persistence (Sosnoskie et al. 

2013).  

Northern Spread of Palmer amaranth 

Palmer amaranth is native to the southwestern United States and northwestern 

Mexico (Sauer 1957). Palmer amaranth started to spread away from its origins in the 

early 20
th

 century most likely through transport by humans (Sauer 1957). However, the 

emergence of Palmer amaranth as a major weed in agronomic systems has been relatively 

recent. Palmer amaranth was not included on the list of troublesome agronomic weeds in 

a survey of the southern U.S. in 1974 for cotton (Gossypium hirsutum L.), corn (Zea 

mays L.) or soybean cropping systems (Buchanan 1974; Ward et al. 2013). The plant’s 

first appearance in the annual survey of the southern U.S. did not occur until it was listed 

in South Carolina in 1989 (Webster and Coble 1997). From about 1995 to 2009 Palmer 

amaranth has become one of the most troublesome weeds in cotton, corn and soybean as 

well as one of the most economically impactful GR weed species in the U.S. (Beckie 

2006; Webster and Nichols 2012). Sauer (1957) observed: “Of all the dioecious 

amaranths, A. palmeri has been by far the most successful as a weedy invader of artificial 

habitats whether they were prepared by primitive or modern technology.” This 

observation remains true today with confirmed herbicide-resistant Palmer amaranth in 

many northern geographies within the U.S., including New Jersey, Maryland, Delaware, 

Wisconsin, Michigan and others (Heap 2016). The range expansion of weed species 
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within major cropping systems like corn and soybean in the U.S. is facilitated by the high 

level of habitat continuity within these systems. These expansions are facilitated even 

further by vectors such as contaminated machinery, seed, feed and manure which 

facilitates seed movement within and between farms (Cousens and Mortimer 1995). This, 

along with global climate-change, has been shown to increase the possibility of rapid 

northward expansion of certain weeds, including Palmer amaranth (McDonald et al. 

2009). Distribution of Palmer amaranth has been shown to have occurred through the 

movement of feed and machinery from the south to Indiana, a state that until recent years 

did not have any issues with this weed (Legleiter and Johnson 2013). There are 

increasing occurrences of long-distance dispersal of GR Amaranthus species that cannot 

be accurately explained by human transportation (Green and Martin 2015; Thompson 

2015). The invasive and competitive nature of this prolific weed coupled with its ability 

to evolve resistance and spread resistance rapidly through cross pollination has led some 

weed scientists towards the implementation of a “zero tolerance” weed management 

policy for Palmer amaranth in some crops like cotton in the southern U.S. (Norsworthy et 

al. 2014). 

Movement of Weed Seed by Waterfowl 

Waterfowl have been shown to have the potential for long-distance dispersal of 

wetland plant species (Coughlan et al. 2015; Mueller and van der Valk 2002; Raulings et 

al. 2011; Reynolds et al. 2015; Soons et al. 2008; Wongsriphuek et al. 2008). Long-

distance dispersal is the movement of propagules over a substantial distance from their 

source area to another site, especially when it is highly unlikely to occur by the 

organism’s potential for unassisted movement alone (Coughlan et al. 2015).  Waterfowl 
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have long been implicated as a major disperser of aquatic organisms (Darwin 1859; 

Ridley 1930). Waterfowl disperse plant propagules in three ways; through external 

dispersal by attachment to the bill, feathers and/or feet (ectozoochory); through internal 

dispersal via transportation in the crop or esophagus coupled with regurgitation 

(endozoochory); and via gut passage and eventual fecal deposition  (endozoochory) 

(Raulings et al. 2011). Studies have proven that wetland plant seeds can pass through a 

duck’s digestive track and remain intact (DeVlaming and Proctor 1968; Powers et al. 

1978; Soons et al. 2008). A few studies have even quantified the recovery and 

germination rate of passed seeds (Figuerola and Green 2005; Mueller and van der Valk 

2002; Pollux et al. 2005; Soons et al. 2008; Wongsriphuek et al. 2008). Some studies 

have utilized controlled experiments to compare how seed properties influence recovery, 

retention and germination (Mueller and van der Valk 2002; Pollux et al. 2005; Soons et 

al. 2008; Wongsriphuek et al. 2008). Wongsriphuek et al. (2008) found a positive 

correlation between recovery and seed fiber content. Studies have found that gut passage 

increased germination for seeds with thick seed coats when compared to the control seed 

(Pollux et al. 2005; Soons et al. 2008). In a feeding study with mallards, lignin content 

was found to have no effect on seed recovery but did have a positive correlation with 

seed viability for recovered seeds (Mueller and van der Valk 2002). The abundance of 

waterfowl, their widespread distribution as well as their high frequency of movement 

within and between habitats could prove crucial for the exchange of plant seed via 

waterfowl dispersal (Amezaga et al. 2002).  

Soons et al. (2008) recovered intact seed fed to mallards (Anas platyrhynchos), 

from 21 of the 23 fed wetland plant species, with successful germination of up to 32% of 



 

16 

 

the recovered seed. Wongscriphuek et al. (2008) found that recovery frequency was 

higher for seeds with higher fiber content. However, increased retention time, even for 

seeds with higher fiber content, reduced survival. For waterfowl, most of the mechanical 

digestive processes occur in the gizzard. Larger seeds are more prone to becoming lodged 

and broken up in the gizzard whereas small seeds are able to pass through more easily 

(DeVlaming and Proctor 1968). Mueller and van der Valk (2002) found, in a controlled 

feeding study, that the recovery rate was strongly correlated with the number of seeds fed 

to mallards. They also found that an average of 23% of the seed fed to mallards was 

recovered as intact seed with percent recovery ranging from about 48% for bulrush 

(Scirpus validus) to only 2% for barnyardgrass (Echinochloa crus-galli). Overall about 

7% of the seed that was recovered in their feeding study was still viable, with viability 

ranging from 1 to 16% for barnyardgrass and bulrush, respectively. In a controlled 

feeding study by Pollux et al. (2005), there were no differences in seed recovery and 

retention time between mallards and teal (Anas crecca) even though these two duck 

species have different body weights. Charalambidou et al. (2003) also tested for 

differences in seed retention time and survival of gut passage between duck species. In 

their controlled feeding study of five duck species, teal, wigeon (Anas Penelope L.), 

shoveler (Anas clypeata L.), pintail (Anas acuta L.) and mallard, they found no 

differences in total retrieval and germination of seeds as well as the patterns of retrieval 

over time and seed weight before and after gut passage. In a study to determine the ability 

of shoveler, pintail and gadwall (Anas strepera) to metabolize energy from three different 

diets, no differences were found among species (Miller 1984). Pollux et al. (2005) found 

no significant difference between male and female ducks as well as between teal and 
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mallards.  The results of these studies have shown that mallards, both male and female, 

are useful as a model duck species and are often used in controlled feeding experiments 

because they are common and widely distributed, with large populations throughout 

North America (Heintzelman 1978; Todd 1996; Wongsriphuek et al. 2008). 

The range of distances that seed or fruit can be dispersed via endozoochorus 

transport is a function of the retention time of these propagules in the digestive system 

(Proctor 1968). Only one study has quantified the retention time of Palmer amaranth seed 

in waterfowl. DeVlaming and Proctor (1968) found the maximum retention time for 

Palmer amaranth in mallards to be 7 hours. Retention times for spiny water nymph 

(Najas marina L.) seeds in mallards has been reported to be between 10-12 hours (Agami 

and Waisel 1986). However, Scirpus seeds have been retained in the digestive tracts of 

blue-winged teal (Anas discors) for over 72 hours (Swanson and Bartonek 1970). In a 

controlled feeding study of wigeongrass (Ruppia maritima) seed to five duck species, 

Charalambidou et al. (2003) found that 77 to 93% of seeds were recovered by 12 hours 

after feeding and almost 100% were recovered by 24 hours. Of those recovered seeds, the 

maximum retention time in which germination still occurred was 12 hours for mallards 

and 28 hours for shovelers.  

Field studies have also shown that intact weed seed can survive passage through a 

duck’s digestive tract (Holt 1999; Mueller and van der Valk 2002). Mueller and van der 

Valk (2002) collected 80 composite fecal samples from a total of 508 captured ducks 

across 6 species. Of those 80 composite fecal samples, 53 samples contained seeds from 

common weeds such as; Polygonum species, Scirpus species, and Panicum species. The 

average germination rate for all the seeds recovered in the field was 1.6% (Mueller and 
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van der Valk 2002). This field collection experiment has proven that waterfowl are able 

to pass intact seed in a field setting. 

Soons et al. (2008) estimated that most seeds can be dispersed up to 780 km, with 

the smallest seeds having the potential to be dispersed up to 3000 km by mallards during 

migration. Significant differences in retention times between plant species result in 

different dispersal distances (Pollux et al. 2005; Proctor 1968). Pollux et al. (2005) found 

that all arrowhead (Sagittiaria sagittifolia) seeds were recovered by 12 hours after 

feeding while European bur-reed (Sparganium emersum) seed were still recovered 60 

hours after feeding.  Mueller and van der Valk (2002) concluded that “grand passage” 

migration flights (i.e., 2200 km continuous flight over 2 days, ((Bellrose and Sieh 1960)) 

of mallards have the potential to disperse wetland plant seeds at distances between 300 

and 1,400 km. Raulings et al. (2011) estimated that grey teal (Anas gracilis) can disperse 

seeds up to 1800 km from the source during migratory flights. Significant differences in 

dispersal distances, particularly the tail end of dispersal distribution curves, are also 

greatly influenced by the flight speed of the disperser (Charalambidou et al. 2003). The 

flying speed for ducks ranges from 60 to 78 km h
-1

 (Welhun 1994). This, coupled with 

the fact that ducks do not necessarily fly in a single straight-line direction, will influence 

the actual distances that weed seed could be dispersed. Taking into consideration the 

number of ducks, estimated in the multimillions, and the evidence that has been 

presented, long-distance dispersal of aquatic plants seeds has been proven 

(Charalambidou et al. 2003; Mueller and van der Valk 2002; Soons et al. 2008; U.S. Fish 

and Wildlife Service 2014). More research is needed to quantify the ability of waterfowl 

to distribute agronomically important weed seeds over long distances. 
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Summary and Objectives 

 Amaranthus species are some of the most problematic weeds in North American 

soybean production. Rapid adoption GR crops over the past three decades and over-

reliance on glyphosate for weed control has resulted in the selection of GR weed species. 

Promotion of integrated weed management strategies to combat resistant weeds has led to 

a renewed interest in tillage for weed control. It has been suggested that, in fields with 

high populations of GR Amaranthus species, one year of soil-inversion operations with 

PRE herbicides can effectively reduce Amaranthus populations in the subsequent year. 

Research is needed to evaluate the effect of tillage tools, especially newer minimum 

tillage tools, for weed control. The objectives of this research are to: 1) determine the 

effect of four tillage treatments (deep tillage, conventional tillage, minimum tillage and 

no-tillage), with and without a residual herbicide program, on season-long emergence of 

Amaranthus species in glufosinate-resistant soybean systems across a broad geography, 

and 2) determine the effect of those four tillage treatments on the vertical distribution of 

Amaranthus seed in the soil profile. 

 Weed populations such as Palmer amaranth have recently expanded their ranges 

to areas where they had not been previously recorded. Some of this movement can be 

attributed to human-mediated transportation of weed seed, however other seed 

transportation mechanisms are likely at play. Waterfowl have been proven to disperse 

wetland plant species over long distances. There is little to no research on the dispersal of 

agronomically important weed species by waterfowl. The fact that resistance can be 

transferred through the seed in these Amaranthus species adds to the importance to 

understanding the mechanisms to which these populations are being spread. Therefore, 
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research is needed to evaluate the potential role waterfowl may play in the long distance 

dispersal of agronomic weed seeds. The objectives of this research are to: 1) determine 

what weed species are being internally transported throughout Missouri by ducks and 

snow geese and 2) determine the recovery rate and viability of 13 agronomic weed 

species after passage through a duck’s digestive system.   
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CHAPTER II  

Influence of Tillage Methods on Management of Amaranthus Species in Soybean 

Jaime A. Farmer, Bryan Young, Larry Steckel, William Johnson, Mark Loux, Jason 

Norsworthy, and Kevin W. Bradley 

 

ABSTRACT 

Identical field experiments were conducted in 2014 and 2015 in Arkansas, 

Illinois, Indiana, Ohio, Tennessee, Wisconsin and at two sites in Missouri to determine 

the effects of four tillage treatments combined with one of two herbicide programs on 

season long emergence of Amaranthus species in glufosinate-resistant soybean. The 

tillage systems evaluated were deep tillage (fall moldboard plow fb one pass with a field 

cultivator in the spring), conventional tillage (fall chisel plow fb one pass with a field 

cultivator in the spring), minimum tillage (one pass of a vertical tillage tool in the spring), 

and a no-tillage treatment (burndown application of paraquat (0.84 kg ai/ha) at 

approximately the same time as the spring tillage). Each tillage system also received one 

of two herbicide programs; PRE application of flumioxaxin (0.09 kg ai/ha) fb a POST 

application of glufosinate (0.59 kg ai/ha) plus S-metolachlor (1.39 kg ai/ha), or POST-

only applications of glufosinate (0.59 kg ai/ha). The deep tillage system resulted in a 62, 

67, and 73% reduction in Amaranthus emergence when compared to the conventional, 

minimum, and no-tillage systems, respectively. The residual herbicide program also 

resulted in an 87% reduction in Amaranthus species emergence compared to the POST-

only program. The deep tillage system, combined with the residual program, resulted in a 
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97% reduction in Amaranthus species emergence when compared to the minimum tillage 

system combined with the POST-only program, which had the highest Amaranthus 

emergence. Soil cores taken prior to planting and herbicide application revealed that only 

28% of the Amaranthus seed in the deep tillage system was placed within the top 5-cm of 

the soil profile compared to 79, 81, and 77% in the conventional, minimum and no-tillage 

systems. Overall, the use of deep tillage with a residual herbicide program provided the 

greatest reduction in Amaranthus species emergence, thus providing a useful tool in 

managing herbicide resistant Amaranthus species where appropriate. 

 

INTRODUCTION 

The adoption of conservation tillage practices and glyphosate-resistant (GR) crops 

over the last several decades has led to an increased reliance on herbicides as one of the 

primary methods of weed control (Culpepper et al. 2000; DeVore et al. 2013; Krausz et 

al. 1993; Young 2006). GR crops have been rapidly adopted since their release in 1996 

and have enabled producers to simplify weed management by providing control of a 

broad-spectrum of common weeds with little or no injury to the crop (Fernandez-Cornejo 

and Mcbride 2002). In 1997, only 17% of U.S. soybean acres were planted with 

herbicide-resistant varieties (Fernandex-Cornejo and Wechsler 2015). By 2015, 94 

percent of soybean acres were planted with herbicide-resistant varieties, with the vast 

majority of those being GR (Fernandex-Cornejo and Wechsler 2015). The continuous use 

of glyphosate on millions of acres has led to the selection of GR weed biotypes around 

the world (Heap 2016). The U.S. currently has 14 GR weed species including 3 

Amaranthus species: Palmer amaranth (Amaranthus palmeri S. Wats.), spiny amaranth 
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(Amaranthus spinosus L.) and waterhemp (Amaranthus rudis Sauer). Among the 14 GR 

weeds, waterhemp and Palmer amaranth are consistently ranked as two of the most 

common and persistent weeds in Southern and Midwestern U.S. cropping systems, and 

especially in soybean (Beckie 2006; Bradley 2013; Heap 2016; Legleiter and Johnson 

2013; Schultz et al. 2015b; Webster and Nichols 2012). The evolution of glyphosate 

resistance in weeds like Palmer amaranth and waterhemp has increased production costs 

in soybean and complicated weed management dramatically (Legleiter et al. 2009; 

Mueller et al. 2005). 

Soybean yield losses of 43% were reported after ten weeks of waterhemp 

interference at densities from 89 to 362 plants per m
2
 (Hager et al. 2002). Palmer 

amaranth that emerged with soybean reduced yields by 79% at a density of 8 plants m
-1

 

(Bensch et al. 2003). Currently, Palmer amaranth populations have been confirmed with 

resistance to six different herbicide modes-of-action including: glyphosate (EPSP 

synthase)-, microtubule-, photosystem II-, acetolactate synthase (ALS)-, 

protoporphyrinogen (PPO)-, and 4-hydroxyphenylpyruvate dioxygenase (HPPD)-

inhibiting herbicides (Heap 2016). Waterhemp resistance in the U.S. is also reported for 

six different herbicide modes-of-action including: glyphosate, synthetic auxins, and ALS-

, photosystem II-, PPO-, and HPPD-inhibiting herbicides (Heap 2016). Redroot pigweed 

(Amaranthus retroflexus L.) has evolved resistance to photosystem II- and ALS-

inhibiting herbicides in the U.S. (Heap 2016).  

The increase in the occurrence of multiple herbicide resistance in Amaranthus 

species and other weeds illustrates the need for producers to diversify their weed 

management practices (Bradley 2013; Norsworthy et al. 2012). Cultural control practices, 
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such as tillage, can significantly impact weed populations (Norsworthy et al. 2012). 

Tillage has a large impact on the vertical distribution of weed seed in the soil profile and 

on weed emergence (Cousens and Moss 1990; Roberts 1963; Starica et al. 1990). Tillage 

implements that provide deep inversion of the soil place weed seed low enough in the soil 

profile to prevent successful germination and emergence (DeVore et al. 2013). Shaw et 

al. (2012) defined inversion tillage as tillage that flips over a layer (often 6 – 12 inches) 

of soil burying surface residues in the process. Moldboard plowing, a type of inversion 

tillage, not only kills plants but it also can bury >95% of weed seeds at a depth where 

most cannot germinate (Douglas and Peltzer 2004; Morris et al. 2010). Swanton et al. 

(2000) found that moldboard plowing resulted in 63% of weed seeds being concentrated 

at a depth of 10-15 cm. In contrast, Clements et al. (1996) and Pareja et al. (1985) both 

found that no tillage systems contain the largest concentration of weed seed in the 

uppermost layers of soil. However, soil type has also been shown to effect the vertical 

distribution of weed seed caused by tillage (Swanton et al. 2000). Diversified integrated 

weed management strategies, including the incorporation of cultural practices such as 

tillage, narrow row spacing and increased seeding densities, are among many of the best 

management practices currently recommended for the prevention, mitigation, and 

management of herbicide resistant weed species (Beckie 2006; Norsworthy et al. 2012; 

Schultz et al. 2015a).  

The initial effectiveness and simplicity of the GR cropping system led many 

producers to rely solely on post-emergence (POST) herbicide applications for weed 

control in soybean (Powles 2008; Young 2006). As a result, Palmer amaranth and 

waterhemp have evolved resistance to herbicides that act at many different sites of action, 
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but currently neither of these species has evolved resistance to glufosinate (Heap 2016).  

If used appropriately, glufosinate remains an effective POST option for the control of 

Amaranthus species in glufosinate-resistant soybean (Heap 2016; Norsworthy et al. 

2008). However, it has been shown that repeated POST-only herbicide applications can 

result in the evolution of herbicide resistance in weed biotypes (Bradley 2013; Powles 

2008). The use of residual herbicide applications, pre-emergence (PRE) and POST, has 

been shown to reduce weed densities while also reducing the likelihood of herbicide 

resistance (Beckie 2006; Bradley 2013; Legleiter et al. 2009; Schultz et al. 2015a).  

The effect of different tillage regimes in combination with residual herbicide 

programs has not been researched extensively in glufosinate-resistant soybean over a 

broad range of geographies and soil types. The objectives of this research were to: 1) 

determine the effect of four tillage treatments (deep tillage, conventional tillage, 

minimum tillage and no-tillage), with and without a residual herbicide program, on 

season-long emergence of Amaranthus species in glufosinate-resistant soybean, and 2) 

determine the effect of those four tillage treatments on the vertical distribution of 

Amaranthus seed in the soil profile.  

     

MATERIALS AND METHODS 

Site Description. Field experiments were conducted in 2014 and repeated in 2015 at field 

sites in Randolph County, Missouri; Boone County, Missouri; Washington County, 

Arkansas; St. Claire County, Illinois; Tippecanoe County, Indiana; Clark County, Ohio; 

Madison County, Tennessee; and Columbia County, Wisconsin (Table 2.1). Glufosinate-

resistant soybean varieties with a suitable maturity group for each site were seeded at 
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321,000 to 432,000 seeds ha
-1

 in rows spaced 76-cm apart (Table 2.1). Specific site 

information such as previous crop production history, crop information and soil type is 

provided in Table 2.1. Monthly rainfall totals for each site are presented in Table 2.2.  

 The experiment was conducted as a split-plot with tillage regimes as the main plot 

and herbicide program as the subplot arranged in a randomized complete block design. 

The experiment was conducted with 4 replications. Four tillage regimes were evaluated: 

1) a fall tillage pass of a moldboard plow followed-by (fb) a pass with a field cultivator in 

the spring, referred to as the deep tillage treatment, 2) a fall pass of a chisel plow fb a 

pass with a field cultivator in the spring, referred to as the conventional tillage treatment, 

3) a single pass of a vertical tillage tool in the spring, referred to as the minimum tillage 

treatment, and 4) a no-tillage treatment that received a burndown herbicide treatment of 

paraquat (0.84 kg ai/ha) at about the same time as the spring tillage treatments. Dates of 

major field operations for each site are provided in Table 2.1. Each tillage treatment also 

received one of two herbicide programs: 1) a PRE application of flumioxazin (0.09 kg 

ai/ha) fb a POST application of glufosinate (0.59 kg ai/ha) plus S-metolachlor (1.39 kg 

ai/ha), referred to as the residual herbicide program, and 2) POST-only applications of 

glufosinate (0.59 kg ai/ha), referred to as the POST-only herbicide program. The specific 

herbicide formulations utilized are listed in Table 2.3. All herbicide treatments were 

applied with a CO2-pressurized backpack sprayer calibrated to deliver 140 L ha
-1

. 

Treatments were applied at a constant speed of 5 km hr
-1

. PRE treatments were applied at 

or just prior to planting. POST application for the residual herbicide program was applied 

21 days after planting.  
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Treatment Evaluation and Data Collection: Field Experiment. Amaranthus species 

emergence was monitored every 14 days by counting all plants within two, 1-m
2
 quadrats 

between the center two rows of soybean from planting up to the R6 soybean stage or 

senescence. The location of each quadrat was permanently marked to ensure counts 

occurred in the same area for the duration of the experiment. Immediately after each 

weed count was completed, the entire area was treated with glufosinate (0.59 kg ai/ha) 

then monitored for escapes.  

Soil Moisture. Soil moisture measurements were taken every hour following planting for 

the duration of the experiment. Four field data loggers (HOBO® Micro Station Data 

Loggers, Onset Headquarters, Bourne, MA, 02532 or WatchDog® Micro Station Data 

Loggers, Spectrum® Technologies, Aurora, IL 60504) were used to measure and record 

volumetric water content within the soil. Two soil moisture probes were placed randomly 

at a depth of 2.5-cm below the soil surface in the POST-only plots for each tillage 

treatment.  

Evaluation of Vertical Seed Distribution. Vertical distribution of Amaranthus seed in 

the soil profile was determined by taking six, 2.5- by 25-cm soil cores randomly from 

each plot utilizing 2.9-cm diameter soil recovery probes (AMS® Inc., American Falls, 

ID). Soil probes were fitted with 2.5- by 30.5-cm acetate sleeves (AMS® Inc., American 

Falls, ID). Soil cores were taken after the spring tillage operations but prior to planting 

and herbicide application. Soil cores from all sites were packaged with dry ice and 

shipped overnight to the University of Missouri-Columbia where they were stored at -

9°C until processing.  
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Treatment Evaluation and Data Collection: Greenhouse Experiment. Each soil core 

was divided into 0-1, 1-5, 5-10, 10-15, 15-20 and 20-25 cm segments that corresponded 

to the soil profile depth. Each segment was placed as a topsoil layer in individual 8- by 6- 

by 6-cm insert cells in 28- by 56-cm greenhouse flats (Hummert International™, Earth 

City, MO) filled ¾ to the top with commercial potting medium (Premier Tech 

Horticulture, Quakertown, PA). Plants were maintained in a greenhouse at 25 to 30°C, 

watered and fertilized as needed, and provided with artificial lighting from metal halide 

lamps (600 µmol photon m
-2

 s
-1

) simulating a 16-h photoperiod. Seedling emergence was 

monitored over a 3-month period. Emerged weed seedlings were counted and identified 

to species every 14 days, then removed from the flats after counting. After 3 months of 

greenhouse monitoring, all greenhouse flats were removed and stored in the dark at -9°C 

for 3-months of cold stratification. After cold treatment, flats were returned to the 

greenhouse and individual cells were stirred by hand. Flats were monitored for weed 

emergence for an additional 2 months in the same photoperiod and temperature 

environment as before.  

Statistical Analysis. To ensure adequate Amaranthus densities for comparisons between 

treatments, field count data was used for statistical analysis only when cumulative 

Amaranthus densities were greater than 300 plants per trial (12 of 16 site-years) and 

vertical distribution data was used only when Amaranthus densities were greater than 32 

plants per trial (5 of 14 site-years; no cores were taken from the Ohio location). 

Amaranthus species density data in the field and vertical distribution data from the soil 

cores were analyzed separately using the PROC GLIMMIX procedure in SAS (SAS 9.4, 

SAS® Institute Inc., Cary, NC). Count data was transformed using a negative binomial 
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function to satisfy Pearson’s Chi-Square. Data was back-transformed for presentation. 

Replications, tillage system, and herbicide program were considered fixed effects for the 

field count data. Replications and tillage system were considered fixed effects for the soil 

core data. Year-site combinations were considered an environment sampled at random 

therefore, site-years with adequate weed densities were combined for analysis (Blouin et 

al. 2011; Carmer et al. 1989). Individual treatment differences were separated using 

Fisher’s protected LSD at P<0.05. Significant interactions were present in the field 

between tillage systems (P<0.0001; Figure 2.1), herbicide programs (P<0.0001; Figure 

2.2), and tillage system/herbicide program combinations (P = 0.04; Figure 2.3). 

Significant interactions were also present in the greenhouse between tillage system and 

soil profile depth (P<0.0001; Figure 2.4). In Indiana only two tillage systems were 

evaluated, conventional and no-tillage. Data from Indiana was analyzed separately with 

the same procedure as the other sites. Significant interactions were present in the field in 

Indiana between tillage systems (P<0.0068; Figure 2.5), herbicide programs (P<0.0001; 

Figure 2.6), but not tillage system/herbicide program combinations (P = 0.7133; data not 

shown). No significant interactions were found between tillage system and soil profile 

depth from the soil cores taken from Indiana (P = 0.2061; data not shown). 

 

RESULTS AND DISCUSSION 

Tillage Systems. Across10 site-years and 5 states, the deep tillage system resulted in a 

62, 67, and 73% reduction in Amaranthus emergence when compared to the 

conventional, minimum, and no-tillage systems, respectively (Figure 2.1). The 

conventional tillage system also resulted in a 28% reduction in Amaranthus species 
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emergence when compared to the no-tillage system but Amaranthus emergence was not 

different between the minimum and no-tillage systems. Across both years in the 

experiment conducted in Indiana, there was a significant difference between the 

conventional and no-tillage systems (Figure 2.5). The conventional tillage system in 

Indiana resulted in 64% fewer Amaranthus species when compared to the no-tillage 

system.  The reason for the different reductions in Amaranthus species in Indiana 

compared to all the other sites in the conventional tillage system compared to the no-till 

system is unclear. Previous studies utilizing similar treatments found that the tillage 

systems that utilize a chisel plow (conventional treatment in this study) resulted in the 

majority of the weed seed remaining higher in the soil profile, similar to no-tillage (Ball 

1992; Clements et al. 1996; Pareja et al. 1985; Yenish et al. 1992). A greater reduction in 

Amaranthus species emergence as a result of deep tillage was also observed in a study in 

Arkansas comparing effects of deep tillage to no-tillage treatments on Palmer amaranth 

emergence (DeVore et al. 2013). DeVore et al. (2013) found that deep tillage used in an 

early soybean production system reduced Palmer amaranth emergence by 97% while 

deep tillage in a full-season soybean production system resulted in a 70% reduction in 

Palmer amaranth emergence compared to the no-tillage system.  This level of Palmer 

amaranth reduction reported by DeVore et al. (2013) is similar to the 73% reduction in 

Amarnathus species emergence observed in this multi-state study (Figure 2.1). In another 

study in Arkansas with Palmer amaranth, Bell et al. (2015) found 14 d after planting 

soybean in the deep tillage treatment, Palmer amaranth densities were reduced by 94 to 

95% in one year and 73 to 87% in another. Similar results have also been observed in 

Iowa, where the moldboard and chisel plow treatments each decreased the amount of 
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waterhemp emergence 4 times lower than the no-tillage treatments (Leon and Owen 

2006). The reduction in Amaranthus species emergence in deep and conventional tillage 

systems compared to the no-tillage systems can be explained by the less favorable 

conditions for germination and seedling establishment for small-seeded weeds, like 

Amaranthus species, as the seeds are buried deeper in the soil profile (Felix and Owen 

1999; Hoffman et al. 1998; Webster et al. 1998; Yenish et al. 1992). 

Herbicide Program. The residual herbicide program resulted in 87% less Amaranthus 

species emergence compared to the POST-only program (Figure 2.2). When evaluated 

across both years in Indiana, the residual program resulted in a 98% reduction in 

Amaranthus species emergence per m
-2

 (Figure 2.6). These results are similar to those 

reported by Schultz et al. (2015a), where a PRE fb POST w/ residual program had greater 

waterhemp density reduction (99%) than two-pass POST-only applications of glufosinate 

(72%) when compared to the non-treated control. Similar results have been observed 

across 4 site-years in Missouri, in a study of herbicide programs in glufosinate resistant 

soybean where a residual program resulted in 93% control of waterhemp and the two pass 

POST-only applications of glufosinate resulted in only 74% control (Craigmyle et al. 

2013). In another study in Missouri with GR waterhemp, Legleiter et al. (2009) observed 

97 and 98% GR waterhemp density reductions with residual herbicide programs 

compared to less than 40% reduction with POST-only programs. Use of PRE herbicide 

applications of S-metolachlor plus metribuzin on GR waterhemp has also been shown to 

provide much higher economic returns than POST-only applications of glyphosate when 

GR weeds are present (Legleiter et al. 2009). These results support the recommendation 

to plant into fields that are weed-free and keep them weed-free by utilizing residual 
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herbicide applications before and/or after planting (Norsworthy et al. 2012), thus 

reducing the selection pressure for resistance to POST-only herbicide applications (Neve 

et al. 2003; Neve et al. 2011).  

Combination of tillage and herbicide. There was a significant tillage by herbicide 

program interaction across the 10 site-years (P = 0.0469).  However, there was not an 

interaction between tillage system and herbicide programs in either year in the Indiana 

location (P = 0.7133; data not shown). The lowest emergence of Amaranthus species 

occurred with the deep tillage system in combination with the residual herbicide program 

(Figure 2.3). All four tillage systems that included a residual herbicide program resulted 

in less Amaranthus species emergence than the same four tillage systems that utilized a 

POST-only herbicide program. There were no differences in Amaranthus species 

emergence in the conventional, minimum and no-tillage systems when a POST-only 

herbicide program approach was utilized. The deep tillage system in combination with 

the residual herbicide program resulted in a 97% reduction in Amaranthus species 

emergence when compared to the minimum tillage system combined with the POST-only 

program, which resulted in the highest Amaranthus species emergence. Similar results 

were observed in an Arkansas study with an application of flumioxazin plus 

pyroxasulfone applied PRE in combination with deep tillage (Bell et al. 2015). This 

combination resulted in >98% Palmer amaranth control in both years of the study and the 

authors concluded that deep tillage resulted in fewer Palmer amaranth plants present at 

the POST application timings (Bell et al. 2015). DeVore et al. (2013) concluded that 

adding a residual herbicide program with a deep tillage early soybean production system 

would further reduce Palmer amaranth emergence providing even greater control. The 
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results of this research support this conclusion as the deep tillage system with the addition 

of a residual herbicide program provided the greatest reduction of Amaranthus species 

emergence across the major soybean-producing area in the United States (Figure 2.5). 

 The relationships between tillage systems and Amaranthus species emergence 

discussed previously were supported by the soil moisture data recorded at a depth of 2.5 

cm in the POST-only plots for each tillage system. The soil moisture data showed a 

similar response in Amaranthus species emergence between tillage systems in response to 

rainfall events. For example, at the Arkansas location in 2015, Palmer amaranth 

emergence 52 days after planting (7 days after a rainfall event) was 6-, 11-, and 8-fold 

higher in the conventional, minimum, and no-tillage systems, respectfully, compared to 

the deep tillage system (Figure 2.7). Similar observations were made at the Columbia, 

Missouri location in 2014 with waterhemp (Figure 2.8). Waterhemp emergence 55 days 

after planting, which also occurred 7 days after a rainfall event, was 14-, 45-, and 3-fold 

higher in the conventional, minimum, and no-tillage systems, respectfully, compared to 

the deep tillage system. A similar response was observed at the 2014 Columbia location 7 

days after a rainfall event at 98 days after planting. These differences in Amaranthus 

species emergence following rainfall events illustrate that the deep tillage system has the 

ability to reduce season long Amaranthus species emergence when compared to the other 

tillage systems. 

Vertical Distribution of Amaranthus Seed. The conventional, minimum, and no-tillage 

systems resulted in similar Amaranthus species emergence from all soil depths (Figure 

2.4). These results were also observed in a separate analysis across both years in Indiana 

in a comparison of the conventional and no-tillage systems (P = 0.2061, data not shown).  
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The deep tillage system resulted in lower Amaranthus species emergence at the 0-1, 5-10, 

10-15, 15-20 cm depths when compared to the other tillage systems.  Seventy-two 

percent of the Amaranthus seed that emerged from soil cores taken from the deep tillage 

system were placed below the 5-cm depth. These results are similar to those reported by 

Nichols et al. (2015), who utilized previous tillage research (Dorado et al. 1999; Mohler 

1993) to predict that moldboard plowing would place the majority of seeds within the 5 

to 15 cm soil profile range. Swanton et al. (2000) also reported that moldboard plowing 

resulted in less uniform vertical weed seed distribution in locations with sandy soils, but 

that 63% of the seeds were concentrated at depths of 10 to 15 cm. The results from this 

study indicate that 43% of the Amaranthus seeds that emerged from the deep tillage 

system were placed in the 5 to 10 cm range.  In contrast, 79, 81, and 77% of the 

Amaranthus seed that emerged from the soil cores taken from the conventional, 

minimum, and no-tillage systems was placed within the top 5-cm of the soil profile, 

respectively. These results are comparable to other studies conducted across multiple soil 

types that found the majority of weed seed was placed in the top 5-cm of the soil in 

response to conventional, minimum, and no-tillage treatments (Clements et al. 1996; 

Pareja et al. 1985; Swanton et al. 2000; Yenish et al. 1992). For example, Swanton et al. 

(2000) reported that 90% of the weed seedbank was concentrated in the top 5-cm of soil 

in a no-tillage system. 

 Based on the results of this research, deep tillage systems utilizing an inversion 

tillage implement, such as a moldboard plow, provide the greatest reduction in 

Amaranthus species emergence when compared to conventional, minimum and no-tillage 

systems. However, deep tillage systems are more prone to increased soil erosion as well 
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as higher fuel and labor requirements (Logan et al. 1987). Reducing the tillage intensity, 

through conservation tillage practices, has been shown to reduce soil erosion and water 

runoff (Baumhardt and Lascano 1996; Reeves 1997) and also to increase soil organic 

matter, soil water holding capacity, the quantity and diversity of soil organisms, and 

water infiltration (Bruce et al. 1992; Heisler 1998; Kemper and Derpsch 1981; Reeves 

1997; Truman et al. 2003). Therefore producers will need to weigh all of the potential 

risks, costs, and benefits before making a decision on either system. The results from this 

research also illustrate the effectiveness of a residual herbicide program when used in 

either tillage system. The incorporation of a residual herbicide, particularly a PRE 

herbicide prior to soybean planting, has been shown to provide the greatest control and 

density reduction of Amaranthus species, as well as the highest economic benefit when 

compared to POST-only programs (Legleiter et al. 2009; Schultz et al. 2015a). The 

combination of a residual herbicide program with a deep tillage system provided the 

greatest reduction in Amaranthus species emergence throughout the season. These results 

support the recommendation of combining effective cultural practices with residual 

herbicide programs, which have been shown to be more effective than utilizing any one 

management technique alone (Norsworthy et al. 2012; Schultz et al. 2015a). As herbicide 

resistant Amaranthus species become more prevalent throughout U.S. soybean 

production systems, integrating cultural practices such as tillage, where appropriate, with 

residual herbicide programs that utilize multiple, effective sites of action can provide 

substantial reductions in herbicide-resistant Amaranthus species. 
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Table 2.1. Site characteristics for field trials conducted in 2014 and 2015.
a
 

 Soil properties  Tillage dates    

Test 

site Year Texture %OM pH CEC 

 

Fall Spring Soybean variety 

Plant 

population 

Planting 

date 

          seeds/ha  

AR
b 

2014 silt loam 1.8 5.8 11.7  10/18/13 6/4/14 Pioneer 95L01 388,000 6/4/14 

 2015 silt loam 1.8 5.8 11.7  9/30/14 6/26/15 Credenz LL4748 321,000 5/26/15 

IL
c 

2014 silt loam 3.0 6.1 12.0  10/28/13 5/28/14 Pioneer P43T41L 346,000 5/28/14 

 2015 silt loam 3.4 5.9 13.0  10/27/14 5/22/15 Pioneer P43T41L 346,000 5/22/15 

IN
d 

2014 silt loam 2.3 6.5 14.3  12/9/13 5/6/14 Beck’s 298NL 345,000 5/8/14 

 2015 silt loam 2.3 6.5 14.3  3/24/15 5/14/15 Beck’s 298NL 345,000 5/14/15 

MO 1
e 

2014 silt loam 2.1 6.4 11.0  10/28/13 5/6/14 MorSoy LL3759N 432,000 5/7/14 

 2015 silt loam 2.0 6.3 10.5  4/1/15 6/11/15 MorSoy LL3759N 432,000 6/12/15 

MO 2
f 

2014 silt loam 1.9 6.3 9.80  10/27/13 5/6/14 MorSoy LL3759N 432,000 5/21/14 

 2015 silt loam 1.6 5.9 9.10  4/17/15 5/12/15 MorSoy LL3759N 432,000 5/13/15 

OH
g 

2014 silty clay loam 2.8 5..9 17.4  11/13/13 5/29/14 Pioneer 34T35L 408,000 5/29/14 

 2015 silty clay loam 3.4 6.4 22.5  10/27/14 5/14/15 Pioneer 34T35L 370,000 5/14/15 

TN
h 

2014 silt loam - - -  10/15/13 5/2/14 Hornbeck 4950 346,000 5/6/14 

 2015 silt loam - - -  10/23/14 5/4/15 Hornbeck 4950 346,000 5/5/15 

WI
i 

2014 silt loam 2.9 7.1 -  - - Tracy’s 2513 LL 346,000 5/22/14 

 2015 silt loam 3.1 7.1 -  - - Tracy’s 2513 LL 346,000 5/21/15 

a 
Abbreviations: OM, organic matter; CEC, cation exchange capacity (meq/100 g soil). 
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b 
Fayetteville, Arkansas. Arkansas Agriculture Research and Extension Center (AAREC), University of Arkansas. (36.092996, -

94.173423). Site has been in small plot research for the last 50 years with conventional tillage.  

c 
Belleville, Illinois. Belleville Research Center, Southern Illinois University. (38.521476, -89.845294). Small plot research for more 

than 7 years. No deep tillage for at least 30 years.  

d 
Lafayette, Indiana. Throckmorton Purdue Agricultural Center (TPAC), Purdue University. (40.271114, -86.881163). Research plots 

with conventional tillage for at least 9 years.  

e 
Columbia, Missouri. Bradford Research and Extension Center, University of Missouri. (38.898432, -92.216371). Small plot research 

for 50 years with conservation agriculture at least 12 years.  

f 
Moberly, Missouri. Resistant Waterhemp Research Site, University of Missouri. (39.302782, -92.369678). Continuous soybean for at 

least 12 years with conservation agriculture the last 15 years. Confirmed glyphosate, PPO-, and ALS-inhibiting herbicide resistant 

waterhemp population present.  

g 
South Charleston, Ohio. Western Agricultural Research Station (OARDC), The Ohio State University. (39.8593, -83.66971). Small 

plot research more than 20 years with conventional tillage annually.  

h 
Jackson, Tennessee. West Tennessee AgResearch and Education Center. University of Tennessee. (35.624655, -88.845096). No deep 

tillage for at least 30 years with mostly no-till practices.  

i 
Arlington, Wisconsin. Arlington Agricultural Research Station. University of Wisconsin. (43.307943, -89.350072). Agronomy 

research for more than 10 years. Chisel plowing (25 cm) occurred once, two years prior to initiation of the study.  
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Table 2.2. Monthly rainfall (mm) in comparison to the 30-yr averages from April 

through October in 2014 and 2015 at all trial locations.
a
 

  Monthly Rainfall 

  --------------------------------------mm-------------------------------------- 

Site Year Apr. May Jun. Jul. Aug. Sep. Oct. 

AR
b 

2014 87 137 113 35 66 114 166 

 2015 81 169 175 269 68 47 58 

 30 yr avg.
j 

109 132 121 82 77 116 104 

IL
c 

2014 165 45 129 34 176 95 108 

 2015 91 211 243 99 108 68 24 

 30 yr avg.
j
 98 124 108 103 84 83 87 

IN
d 

2014 95 111 89 83 112 68 159 

 2015 102 109 211 177 45 73 43 

 30 yr avg.
j
 87 118 116 104 100 71 69 

MO1
e 

2014 210 78 129 37 75 156 259 

 2015 84 144 192 213 80 29 27 

 30 yr avg.
j
 114 138 132 115 114 109 85 

MO2
f 

2014 156 64 141 92 120 64 203 

 2015 65 119 299 223 73 20 43 

 30 yr avg.
j
 104 131 130 122 106 110 84 

OH
g 

2014 137 110 165 100 83 32 37 

 2015 122 52 223 132 73 35 69 

 30 yr avg.
j
 91 115 109 104 79 67 71 

TN
h 

2014 118 107 278 93 151 185 135 

 2015 152 126 136 118 111 90 70 

 30 yr avg.
j
 120 141 126 122 78 89 101 

WI
i 

2014 164 71 238 48 95 45 70 

 2015 162 112 80 80 110 145 50 

 30 yr avg.
j
 88.9 94 119 106 99 90 65 

a
Abbreviations: yr, year; avg, average. 

b 
Fayetteville, Arkansas. Arkansas Agriculture Research and Extension Center (AAREC), 

University of Arkansas. (36.092996, -94.173423). 
c 
Belleville, Illinois. Belleville Research Center, Southern Illinois University. (38.521476, 

-89.845294). 
d 

Lafayette, Indiana. Throckmorton Purdue Agricultural Center (TPAC), Purdue 

University. (40.271114, -86.881163). 
e 
Columbia, Missouri. Bradford Research and Extension Center, University of Missouri. 

(38.898432, -92.216371).  
f 
Moberly, Missouri. Resistant Waterhemp Research Site, University of Missouri. 

(39.302782, -92.369678). 
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g 
South Charleston, Ohio. Western Agricultural Research Station (OARDC), The Ohio 

State University. (39.8593, -83.66971).  
h 
Jackson, Tennessee. West Tennessee AgResearch and Education Center. University of 

Tennessee. (35.624655, -88.845096). 
i 
Arlington, Wisconsin. Arlington Agricultural Research Station. University of 

Wisconsin. (43.307943, -89.350072). 
j 
30 year averages (1982-2011) obtained from the National Climatic Data Center (2016). 

  



 

56 

 

Table 2.3. Source of materials used in the experiments. 

Herbicide
a
 Trade 

Name 

Formulation Rate Manufacturer Address 

   Kg ai 

or ae 

ha
-1

 

  

Paraquat Gramoxone 

Inteon 

SL 2.0 0.84 Syngenta Greensboro, 

NC 

Flumioxazin Valor 51 WDG 0.09 Valent USA 

Corp. 

Walnut Creek, 

CA 

S-metolachlor Dual II 

Magnum 

7.64 EC 1.39 Syngenta Greensboro, 

NC 

Glufosinate Liberty 280 SL 0.59 Bayer 

CropScience 

Research 

Triangle Park, 

NC 

Ammonium 

Sulfate 

N-Pak 

AMS 

3.4 L 2.9 Winfield 

Solutions 

St. Paul, MN 

a
 Abbreviations: SL, soluble (liquid) concentrate; WDG, water-dispersible granule; EC, 

emulsifiable concentrate; L, Liquid 
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Figure 2.1. Influence of tillage methods on Amaranthus species emergence across 10 site-

years in Arkansas, Illinois, Missouri, Ohio, and Tennessee. Bars with the same letter are 

not different, LSD (0.05).    
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Figure 2.2. Influence of herbicide program on Amaranthus species emergence across 10 

site-years in Arkansas, Illinois, Missouri, Ohio, and Tennessee. Bars with the same letter 

are not different, LSD (0.05).    
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Figure 2.3. Influence of tillage treatment and herbicide programs on Amaranthus species 

emergence in the field across 10 site-years in Arkansas, Illinois, Missouri, Ohio, and 

Tennessee. Min. till: minimum tillage; Conv. Till: conventional tillage. Bars followed by 

the same letter are not different, LSD (0.05).  
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Figure 2.4. Influence of tillage methods on the vertical distribution of Amaranthus species in the soil profile.  Results combined across 

the MO1, MO2, and IL locations. Each bar proportionally represents the average number of Amaranthus species that emerged from 

the corresponding depth for each tillage system. Percentages followed by the same letter are not different, LSD (0.05). 
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Figure 2.5. Influence of tillage methods on Amaranthus species emergence across 2014 

and 2015 in Indiana. Bars with the same letter are not different, LSD (0.05). 
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Figure 2.6. Influence of herbicide program on Amaranthus species emergence across both 

years in Indiana. Bars with the same letter are not different, LSD (0.05). 
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Figure 2.7. Soil moisture and emergence of Amaranthus species in each tillage system 

throughout the growing season at the Fayetteville, Arkansas location in 2015. 
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Figure 2.8. Soil moisture and running total of Amaranthus species per m
-2

 in each tillage 

system across the whole growing season at the Columbia, Missouri location in 2014. 
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CHAPTER III  

Influence of Waterfowl Migration on Weed Seed Distribution 

 

Jaime A. Farmer, Elisabeth B. Webb, Robert A. Pierce II and Kevin W. Bradley 

ABSTRACT 

Migratory waterfowl have often been implicated in the movement of troublesome 

agronomic weed species. Previous research has shown that waterfowl have the ability to 

transport wetland weed species. However, little to no research has been conducted to 

investigate the long-distance dispersal of agronomically-important weed species such as 

Palmer amaranth and waterhemp. Thus, two objectives were set forth for this research 

project: 1) to determine what weed species are being transported throughout Missouri by 

ducks and snow geese, and 2) to determine the recovery rate and viability of 13 

agronomic weed species after passage through a duck’s digestive system. A field 

collection experiment was conducted with ducks harvested in the fall and winter of 2014-

15 and 2015-16 and geese harvested in March of 2015. Seed recovered from the digestive 

tracts of the 238 birds harvested in the first duck season had 14,395 plants emerge, 

representing 47 species with the three most common being barnyardgrass (38%), 

waterhemp (30%), and smartweed species (24%). The 125 birds collected in the second 

duck season had 19,337 plants emerge, representing 28 species with the three most 

common being smartweed species (90%), common ragweed (3%), and barnyardgrass 

(3%). The 111 geese harvested in March 2015 had 87 plants emerge, representing 11 

species with the three most common being field corn (45%), smartweed species (31%), 
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and waterhemp (8%). From the 13 agronomically-important weed species fed to mallards 

in the controlled feeding study, 11 species were recovered and at least 1 seed from each 

of those species was still viable. Recovery rate ranged from 30% for common 

lambsquarters to 0% for yellow nutsedge tubers and common sunflower. Seed mass and 

size had a negative correlation to percent recovered intact seed and percent recovered 

viable seed, while seed neutral detergent fiber content had a positive correlation. 

Calculations from the viability rate and gut retention times identified in this research 

indicate that all of the 11 species recovered have the potential to be dispersed up to 312 

km while Palmer amaranth, waterhemp and common lambsquarters have the potential to 

be dispersed up to 2964 km from the source location. The results of this study confirm 

that waterfowl are consuming a variety of agronomically-important weed species which 

can remain viable after passage through their digestive tracts and can be dispersed over 

long distances.  

 

INTRODUCTION 

Palmer amaranth (Amaranthus palmeri S. Wats.) is one of the most economically 

impactful glyphosate-resistant (GR) weed species in the U.S. (Beckie 2006; Webster and 

Nichols 2012). In recent years there has been an increased occurrence of GR Palmer 

amaranth in the northern U.S., where previously this weed was mostly confined to the 

Southern U.S. (Heap 2016; Webster and Nichols 2012). Some of this expansion can be 

attributed to movement of seed through machinery, seed and feed (Cousens and Mortimer 

1995; Legleiter and Johnson 2013). However, waterfowl have also been implicated, as 

they have been shown to have the ability to disperse wetland plant seeds over long 
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distances (Coughlan et al. 2015; Mueller and van der Valk 2002; Raulings et al. 2011; 

Reynolds et al. 2015; Soons et al. 2008; Wongsriphuek et al. 2008). The abundance of 

waterfowl, their widespread distribution, as well as their high frequency of movement 

within and between habitats could prove crucial for the exchange of plant seed via 

waterfowl dispersal (Amezaga et al. 2002).  

Long-distance dispersal is the movement of propagules over a substantial distance 

from their source area to another site, especially when it is highly unlikely to occur by the 

organism’s potential for unassisted movement alone (Coughlan et al. 2015). Waterfowl 

disperse plant propagules in three ways; through external dispersal by attachment to the 

bill, feathers and/or feet (ectozoochory); through internal dispersal via transportation in 

the crop or esophagus coupled with regurgitation (endozoochory); and via gut passage 

and eventual fecal deposition (endozoochory) (Raulings et al. 2011). Research has shown 

that wetland plant seeds can pass through a duck’s digestive track and remain intact, but 

few studies have been conducted with common weed seeds (DeVlaming and Proctor 

1968; Powers et al. 1978; Soons et al. 2008).   Some controlled feeding experiments have 

successfully demonstrated how seed properties influence recovery, retention and 

germination (Mueller and van der Valk 2002; Pollux et al. 2005; Soons et al. 2008; 

Wongsriphuek et al. 2008). Wongsriphuek et al. (2008) found a positive correlation 

between recovery and seed fiber content while Pollux et al. (2005) and Soons et al. 

(2008) found that gut passage increased germination for seeds with thick seed coats when 

compared to control seeds. In a feeding study with mallards (Anas platyrhynchos L.), 

lignin content was found to have no effect on seed recovery but did have a positive 

correlation with seed viability for recovered seeds (Mueller and van der Valk 2002). 
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Understanding how specific characteristics of different seeds influence retention time and 

recovery rate can be used to investigate the frequency that long-distance dispersal occurs 

in the field (Figuerola and Green 2002).  

For waterfowl, most of the mechanical digestive processes occur in the gizzard 

(Charalambidou and Santamaría 2002). Larger seeds are more prone to becoming lodged 

and broken up in the gizzard whereas small seeds are able to pass through more easily 

(DeVlaming and Proctor 1968). Soons et al. (2008) recovered intact seed from 21 of the 

23 wetland plant species that were fed to mallards, and the germination rate of these 

recovered seed ranged from 0.25% to 32%. Mueller and van der Valk (2002) found that 

an average of 23% of the seed fed to mallards was recovered as intact seed, with percent 

recovery ranging from about 48% for bulrush (Scirpus validus Vahl ) to only 2% for 

barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.). Overall about 7% of the seed that 

was recovered in their feeding study was still viable, with viability ranging from 1 to 16% 

for barnyardgrass and bulrush, respectively. Wongscriphuek et al. (2008) found that 

recovery frequency was higher for seeds with higher fiber content. However, increased 

retention time, even for seeds with higher fiber content, reduced survival (Wongsriphuek 

et al. 2008).  

Significant differences in retention times between plant species results in different 

dispersal distances (Pollux et al. 2005; Proctor 1968). Pollux et al. (2005) found that all 

arrowhead (Sagittiaria sagittifolia L.) seeds were recovered by 12 hours after feeding 

while European bur-reed (Sparganium emersum Rehmann) seed was still recovered 60 

hours after feeding. Significant differences in dispersal distances, particularly the tail end 

of dispersal distribution curves, are also greatly influenced by the flight speed of the 
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disperser (Charalambidou et al. 2003). The flying speed for ducks ranges from 60 to 78 

km h
-1

 (Welhun 1994). Using passage rates from a controlled feeding study with 

mallards, Mueller and van der Valk (2002) estimated the potential dispersal distance for 

barnyardgrass and bulrush as a result of fall migration flights would be between 300 and 

1,400 km, respectively.   

Field studies have also shown that intact weed seed can survive passage through a 

duck’s digestive tract (Holt 1999; Mueller and van der Valk 2002). Mueller and van der 

Valk (2002) collected 80 composite fecal samples from a total of 508 captured ducks 

across 6 species. Of those 80 composite fecal samples, 53 samples contained seeds from 

common weed species in the Polygonum, Scirpus, and Panicum genus. The average 

germination rate for all seeds recovered in the field was 1.6%, proving that wild 

waterfowl do pass viable seed in a field setting (Mueller and van der Valk 2002).  

 There has been little research on the ability of waterfowl to transport 

agronomically-important weed species in the United States. DeVlaming and Proctor 

(1968) found the maximum retention time for Palmer amaranth in mallards was 7 hours. 

Mueller and van der Valk (2002) found the maximum retention time for common 

lambsquarters (Chenopodium album L.) was 18 hours with a recovery rate of 13.2%. 

Controlled feeding studies are needed to determine potential dispersal distances for 

agronomically-important weed species like waterhemp (Amaranthus rudis Sauer), Palmer 

amaranth, giant ragweed (Ambrosia trifida L.), common ragweed (Ambrosia 

artemisiifolia L.), and others. 

With recent shifts in weed populations, as well as the increasing number of 

herbicide resistant weed species, it is important to evaluate the potential role waterfowl 
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may play in the long-distance dispersal of agronomically-important weed species. The 

objectives of this research are to: 1) determine what weed species are being transported 

throughout Missouri by ducks and snow geese and 2) determine the recovery rate and 

viability of 13 weed species after passage through a duck’s digestive system. 

 

MATERIALS AND METHODS 

Field Collection Study. Wild ducks and snow geese were harvested throughout the state 

of Missouri during the 2014-15 and 2015-16 waterfowl hunting seasons (Figure 3.1). 

During the 2014-15 hunting season, Missouri waterfowl hunters harvested 237 ducks 

between October 26, 2014 and January 24, 2015 and 111 snow geese between March 7 

and 10, 2015. During the 2015-16 hunting season, 125 ducks were harvested between 

November 2, 2015 and January 6, 2016. Wildlife collector’s permits were obtained from 

the Missouri Department of Conservation for both years of the study. Birds were 

harvested in flight, by licensed hunters, using decoys and shotguns during normal 

shooting hours. Harvested birds were labeled and frozen as soon as possible for storage 

and transport to the University of Missouri where they were kept at -9°C until processing.  

In the lab, birds were identified to species and sex, dissected to remove consumed 

material from three digestive tract sections; 1) esophagus and proventriculus, 2) gizzard, 

and 3) intestine. Consumed material removed from each digestive tract section was rinsed 

with tap water in a 250-µm sieve to collect consumed plant seed. Recovered seed from 

each bird’s digestive tract section was stored in individually labeled plastic bags at -9°C 

until germination screening. 
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 For germination screening, each sample was planted in 12-cm long by 12-cm 

wide by 6-cm deep cells in 28- by 56-cm greenhouse flats (Hummert International®, 

Earth City, MO), pre-filled ¾ to the top with weed-free commercial potting medium 

(Premier Tech Horticulture, Quakertown, PA) and lightly covered with the same potting 

medium after planting. Plants were maintained in a greenhouse at 25 to 30°C, watered 

and fertilized as needed, and provided with artificial lighting from metal halide lamps 

(600 µmol photon m
-2 

s
-1

) simulating a 16-h photoperiod. Seedling emergence was 

monitored over an 8 to 10 week period. Emerged seedlings were counted and identified 

to species every 14 days, then removed from the flats after being recorded. 

Controlled Feeding Trial. Controlled feeding experiments were conducted at the 

Charles W. Green Conservation Area in Ashland, Missouri in July and repeated in 

September 2015 utilizing equal numbers of male and female game-farm mallards. 

Mallards were chosen for this study because they are an easy to obtain, common duck 

species with large populations widely distributed throughout North America 

(Heintzelman 1978; Todd 1996; U.S. Fish and Wildlife Service 2015). Ingestion studies 

have also shown no difference between duck species (Charalambidou et al. 2003; Miller 

1984), as well as between sexes (Pollux et al. 2005). Mallards have been used 

successfully in controlled feeding studies investigating the potential for ducks to 

distribute wetland weed species (Mueller and van der Valk 2002; Soons et al. 2008; 

Wongsriphuek et al. 2008). Ducks were five months of age or older at the start of each 

experiment (Wongsriphuek et al. 2008). When not being used in the feeding trials, birds 

were given unlimited access to commercial game bird ration (crude protein > 20%, crude 

fat > 3.5%, crude fiber < 5%; Purina Flock Raiser®, Purina Animal Nutrition LLC, 
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Shoreview, MN), grit, and fresh water in a communal brooder house pen (11- by 2.4- by 

2-m) with windows, allowing them to be subjected to natural photoperiod and 

temperature (Petrie et al. 1997; Wongsriphuek et al. 2008). After each feeding trial, ducks 

were placed back into the communal pin for a 3 day rest period (Mueller and van der 

Valk 2002). Husbandry practices were approved by the University of Missouri Animal 

Care and Use Committee.  

  The feeding trial consisted of an incomplete block design of 13 treatments and 4 

replications of the feeding trial (Cochran and Cox 1957). Each duck was precision fed 1 g 

meals of a known quantity of seed from 1 of the 13 agronomically-important weed 

species (Table 3.1). Each duck was labeled to ensure that throughout the study no duck 

was fed the same seed more than once as well as the same combination of seeds as 

another duck. Seed from each weed species was fed to an equal number of male and 

female mallards (Mueller and van der Valk 2002).  

 Before each trial, each meal was weighed and the number of seeds were counted. 

Previous work has shown that passage rates may vary with meal size (Clark and Gentle 

1990) therefore meal size was held constant at 1 g and mean seed size was determined for 

each weed species (Mueller and van der Valk 2002; Wongsriphuek et al. 2008). Mean 

seed size was determined by measuring 30 seeds of each species and seed mass was 

determined by taking the mean of the average seed mass of each species for each meal 

(Table 3.1). Seed coat toughness was determined by evaluating the lignin content for 

each seed using percent neutral detergent fiber (NDF) in the seed. NDF was estimated 

using the Ankom A200 filter bag technique, which was calculated from two 1-g seed 

samples (AOAC 2000), giving the measure of non-digestible hemi-cellulose, cellulose 
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and lignin cell constituents (Table 3.1). These constituents have been used to determine 

seed coat strength (Wongsriphuek et al. 2008). Each meal was carefully placed into the 

ducks esophagus by inserting a plastic tube (1.2 cm x 40 cm) and funneling seeds into the 

tube (Wongsriphuek et al. 2008). As the tube was being removed a wooden dowel was 

gently inserted into the tube to push any remaining seed out into the esophagus (Dugger 

et al. 2007; Wongsriphuek et al. 2008). Any seeds that were regurgitated or became stuck 

to the dowel or tube during feeding were subtracted from the total number of seeds fed. 

Immediately after feeding, each duck was placed into individual metabolic cages (52- by 

30.5- by 20-cm) with a mesh floor and provided water ad libitum for the duration of the 

trial (Wongsriphuek et al. 2008). The metabolic cages were close enough in proximity to 

allow for visual and acoustic contact between mallards in order to mitigate stress (Soons 

et al. 2008). To simulate fasting during migration, ducks were not provided food during 

the trial (Figuerola and Green 2005; Wongsriphuek et al. 2008). Fecal matter was 

directed into plastic containers via the use of metal funnels under each individual cage. 

Excreta was collected every 4 hours for a 48-hour period after feeding by rinsing the 

funnels with tap water and replacing the plastic containers under each funnel 

(Wongsriphuek et al. 2008). Each 4 hour sample was stored in a freezer at -9°C until 

further processing. Fecal samples were then rinsed through a 250-µm sieve with tap 

water. All recovered seeds that appeared to be uncrushed, with a texture and color 

comparable to the control seeds were considered to be intact. Intact seeds were counted 

and allowed to air dry for 12 hours (Mueller and van der Valk 2002; Wongsriphuek et al. 

2008). The recovered seeds from each fecal sample were then placed into individually 
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labeled paper envelopes and stored at -4°C for approximately 8 weeks until viability 

testing (Charalambidou et al. 2003; Pollux et al. 2005; Wongsriphuek et al. 2008).  

 The viability of recovered seeds was determined using a standard tetrazolium 

method (DeVlaming and Proctor 1968; Miller 2010; Mueller and van der Valk 2002). 

Each seed was pre-conditioned with deionized water overnight. Seeds were then cut and 

placed into petri dishes to expose embryos to tetrazolium- (2,3,5-Triphenyltetrazolium 

chloride; Sigma-Aldrich, Co., St. Louis, MO 63103) saturated filter paper. After the 

prescribed staining time had passed, seeds were evaluated under a dissecting microscope 

(Miller 2010). Seeds with a positive tetrazolium response of red-stained embryos were 

considered viable and were recorded as such (Miller 2010). If a recovered seed sample 

contained <100 seeds then all the seed from that sample was tested. If a recovered seed 

sample contained > 100 and < 400 seed then a sub-sample of 100 seeds was tested. If a 

recovered seed sample contained > 400 seeds then 25% of the total recovered seed was 

tested with tetrazolium (Mueller and van der Valk 2002). 

Statistical Analysis. Feeding study data from all 8 feeding trials were combined for 

analysis (Mueller and van der Valk 2002; Wongsriphuek et al. 2008). Differences in total 

seed recovered and viability for each species was tested through the PROC GLIMMIX 

procedure in SAS (SAS 9.4, SAS® Institute Inc., Cary, NC). Response variables included 

either the total proportion of the fed seed that was recovered or the total proportion of the 

fed seeds that were still viable after passage. Plant species was considered a fixed effect 

and bird was considered a random effect.  Individual treatment differences were 

separated using Fisher’s protected LSD at P<0.05. The model indicated that there was a 

species interaction with percent of fed seed recovered (P<.0001) and with percent of fed 
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seed that was still viable (P=0.0157). To test for relationships between seed 

characteristics (seed mass, seed size and lignin content) and the proportion of total 

recovered intact and recovered viable seeds, linear regressions were used. To determine 

the potential distances that viable weed seeds could be dispersed, the time intervals were 

converted to distance that a mallard could travel by multiplying each 4 h time interval by 

78 km h
-1

, the observed average flight speed of mallards (Bellrose and Crompton 1981; 

Bruderer and Boldt 2001) which can be maintained for 38 h as reported by (Clausen et al. 

2002) using aerodynamical theory (Pennycuick 1989).     

 

RESULTS AND DISCUSSION 

Field Collection Study. There were 237 and 125 ducks collected during the 2014-15 and 

2015-16 Missouri waterfowl hunting seasons, respectively (Table 3.2; Figure 3.1). The 

samples from the 2014-15 and the 2015-16 seasons consisted of 13 and 11 distinct bird 

species, respectively, with a ratio of approximately 3:2, male to female birds for both 

seasons. The three most common species collected during the 2014-15 season were 

mallard, green-winged teal (Anas carolinensis L.), and northern pintail (Anas acuta L.) at 

60, 14, and 6% of the total sample, respectively. The three most common species 

collected during the 2015-16 season were also mallard, northern pintail, and green-

winged teal at 61, 12, and 10% of the total sample, respectively. Similar species 

composition was found in a study by Mueller and van der Valk (2002) in which mallards 

and northern pintails were the two most common species of the 508 ducks that they 

captured in the field.  
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Results from the field collection study indicate that the diet of ducks harvested in 

Missouri consists of a variety of weed species. From the 237 ducks collected during the 

2014-15 Missouri waterfowl hunting season, 14,395 plants representing over 47 distinct 

plant species emerged from the seed recovered across all of the digestive tract sections 

(Table 3.3).  The three most common weed species from the 14,395 plants that emerged 

from the 2014-15 birds were barnyardgrass (38%), waterhemp (30%), and smartweed 

species (Polygonum amphibium L., Polygonum lapathifolium L., Polygonum 

pensylvanicum L., Polygonum perisicaria L., 24%, Table 3.3). When separated out 

between the individual digestive tract sections, 9,676, 4,172, and 547 plants emerged 

from the esophagus and proventriculus, gizzard, and intestines, respectively. The 

esophagus and proventriculus contained 37 different plant species with barnyardgrass 

(53%), waterhemp (38%), and smartweed species (3%) representing the three most 

common species to emerge from that section. The gizzard section had 32 plant species 

emerge, and the three most common species from that section were smartweed species 

(70%), waterhemp (11%), and barnyardgrass (7%). Only 547 plants representing 21 

different species germinated from the intestines. The three most common species in the 

intestines were smartweed species (46%), waterhemp (27%), and barnyardgrass (10%). 

From the 125 ducks collected during the 2015-16 season, 19,337 plants emerged 

representing over 28 distinct plant species (Table 3.4). The three most common plant 

species to emerge over all the digestive tract sections consisted of smartweed species 

(90%), common ragweed (3%), and barnyardgrass (3%). When separated between 

sections, 13,406, 5,618, and 313 plants emerged from the esophagus and proventriculus, 

gizzard, and intestines, respectively. The esophagus had 21 plants species emerge with 
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the three most common species of that section being smartweed species (93%), 

barnyardgrass (4%), and curly dock (Rumex crispus L., 1%). The gizzard had 23 species 

emerge with the three most common species represented by smartweed species (83%), 

common ragweed (11%), and giant foxtail (Setaria faberi Herrm., 1%). Again, the 

intestines had the lowest number of plants emerge (313) with 11 total species. The three 

most common weeds were smartweed species (94%), blunt spikerush (Eleocharis obtusa 

Willd. Schultes, 3%), and nutsedge species (Cyperaceae family, 1%).  Some of the more 

common plant species found in this study were also found in a field collection study by 

Mueller and van der Valk (2002). Of the 80 composite fecal samples collected at 4 sites 

from 508 captured ducks, Echinochloa and Polygonum species were among the 7 most 

common species reported but Amaranthus species were not discovered at all. The 

methods of Mueller and van der Valk (2002) differed from ours in that they removed 

plant seeds from fecal samples, identified each seed to genus if possible, and then planted 

each seed to determine a germination rate. It is possible that seed as small as waterhemp 

and Palmer amaranth could have been missed, as they are less than a millimeter in 

diameter. The results from our field study indicate that ducks are consuming a variety of 

agronomically-important weed species such as waterhemp, common ragweed, and giant 

foxtail. 

The 111 geese harvested in March of 2015 were 83% female represented by two 

species, Ross’s geese (Chen rossii Cassin, 14%) and lesser snow geese (Chen 

caerulescens L., 86%, Table 3.2). Evaluation of their digestive tract contents revealed 

less diversity in plant species compared to ducks (Table 3.5). Only 87 plants, representing 

11 distinct species, emerged from the digestive tracts of the harvested geese. The three 
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most common species found across all sections were field corn (Zea mays L., 45%), 

smartweed species (Polygonum lapathifolium, Polygonum pensylvanicum, Polygonum 

perisicaria, 31%), and waterhemp (8%). These results are similar to those reported in a 

study of mid-continent, adult lesser snow geese, where the majority of the diet was waste 

corn (Alisauskas and Ankney 1992). When broken down between digestive tract sections, 

the esophagus and proventriculus, gizzard, and intestines each had 49, 36, and 2 plants 

emerge, respectively. Of the 6 distinct species found in the esophagus and proventriculus 

section, corn (80%), waterhemp (12%), and barnyardgrass (4%) represented the three 

most common species. The gizzard had 8 species emerge, with the three most common 

species for that section represented by smartweed species (72%), barnyardgrass (11%), 

and blunt spikerush (6%). Again, the intestines had the lowest number of weeds emerge 

with just 2 plants, one being a pale smartweed (Polygonum lapathifolium) and the other 

being Palmer amaranth. These results indicate that lesser snow and Ross’s geese spend a 

majority of their time feeding in agricultural fields on waste corn, but still have the 

potential to disperse troublesome agronomic weeds like waterhemp and Palmer amaranth. 

The ducks were harvested during their fall migration from their northern summer 

grounds to their southern wintering areas, the peak of which usually occurs in November 

(Bellrose and Sieh 1960). This peak migratory period combined with the large number of 

ducks per migration each season make it likely that the birds harvested in this study were 

migratory. It has been shown that the diets of dabbling ducks can vary seasonally with the 

availability of foods as well as with the demands for certain biological processes 

(Drobney and Fredrickson 1979; Heitmeyer 1985; Miller 1987). However, the potential is 

still high for migratory ducks to consume agronomically-important weed seed during 
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their spring migration. In a study in Iowa during the spring migration, LaGrange (1985) 

reported that mallards used sheetwater wetlands 40% of the time to feed primarily on 

moist-soil plant seeds, tubers and residual corn. The emphasis to feed on plant seeds over 

invertebrates has been linked to the need to increase lipid stores in order to reach 

breeding weights (LaGrange 1985) allowing for the potential of ducks to consume and 

disperse agronomically-important weed seed. Lesser snow geese also build fat reserves in 

preparation for breeding as they migrate north during the spring. These fat reserves are 

increased as they feed mostly on waste corn and seed during spring migration (Alisauskas 

and Ankney 1992). However, in a study conducted in Iowa in 1983 (Alisauskas and 

Ankney 1992), 5% of the aggregate dry mass of esophageal contents from lesser snow 

geese was weed seed. The results from this research support these previous findings that 

snow geese and ducks prefer to forage for seeds to meet their requirements of proper 

body condition for breeding (Alisauskas and Ankney 1992; LaGrange 1985), and in so 

doing snow geese and ducks are consuming and dispersing agronomically-important 

weed species.  

Controlled Feeding Study. Across all of the 8 feeding trials, the total recovery of intact 

seed averaged 8.0%, with the total number of viable seed recovered averaging 1.0%. Of 

the 13 weed species tested in the study, all but two were recovered; yellow nutsedge 

(Cyperus exculentus L.) and common sunflower (Helianthus annuus L.) (Table 3.6, 

Figure 3.2). Of the 11 species that were recovered, at least 1 intact seed from each species 

was still viable after passage through a mallard’s digestive tract (Table 3.6, Figure 3.2). 

The percentage of intact seed recovered differed by species (P<0.0001) as well as the 

percentage of viable seeds recovered (P=0.0157). The species with the highest recovery 
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percentage was common lambsquarters at 30.6%, which is higher than the 13% reported 

by Mueller and van der Valk (2002). Both Amaranthus species had a similar recovery 

rate of 14.6% for Palmer amaranth and 17.1% for waterhemp. Common ragweed and 

Pennsylvania smartweed (Polygonum pensylvanicum L.) also had a similar recovery rate 

to the Amaranthus species with 10.7% and 16.5%, respectively. The four grass species 

fed during the trial had a recovery rate below 5%, ranging from 1.7% for Italian ryegrass 

(Lolium multiflorum Lam.) to 4.1% for shattercane (Sorghum bicolor L.). The largest 

percentage of seed was recovered during the 4 hour collection, with percent recovery 

ranging from 22.3% for common lambsquarters to 0% for both yellow nutsedge and 

common sunflower (Figure 3.2). Over 95% of the intact seed that survived passage 

through the mallard was recovered within the first 12 hours (Figure 3.2). However, seed 

from Palmer amaranth, waterhemp, common lambsquarters and Pennsylvania smartweed 

was recovered 48 hours after being fed (Table 3.6). Viable seed was recovered at 40 

hours and beyond for common lambsquarters, palmer amaranth and waterhemp. The 

maximum recovery times observed in this study are longer than those reported by 

DeVlaming and Proctor (1968) and Mueller and van der Valk (2002) who found a 7 and 

18 hour recovery time for Palmer amaranth and common lambsquarters, respectively. 

 Seed characteristics measured in this study did have an effect on recovery rate of 

intact and viable seed. The recovery rate was negatively correlated to seed size (r
2
 = 0.17, 

p<0.0001) and seed mass (r
2
 = 0.11, p=0.0008), and positively correlated to NDF (r

2
 = 

0.04, p=0.03, Figure 3.3). In other words as seed size and mass increased, the recovery 

rate decreased. However, as seed coat toughness increased (as determined by NDF 

content) recovery rate increased. These same relationships also existed with the percent 
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of seed recovered that was still viable. Seed mass (r
2
 = 0.05, p=0.0263) and seed size (r

2
 

= 0.06, p=0.0111)
 
had a negative relationship to the percent of seed recovered that was 

still viable. There was also a positive relationship between NDF (r
2
 = 0.07, p=0.0066) 

and the percent of viable seed recovered. Previous work by Wongsriphuek et al. (2008) 

also showed a positive correlation between NDF and the percent of retrieved seed (r
2
 = 

0.44, p=0.037) but did not find any relationship between seed mass (p=0.82) or seed size 

(p=0.63) in their feeding study with wetland weed species. Mueller and van der Valk 

(2002) also found a negative correlation between wetland weed seed size (r
2
 = 0.83, 

p=0.0016) and the percent of intact seed that was viable, and also a positive correlation 

between lignin content (r
2
 = 0.79, p=0.018). The results from this study and others 

Mueller and van der Valk (2002) and Wongsriphuek et al. (2008) indicate the variability 

at which different seed characteristics can effect recovery rate and viability. 

 Although seed coat strength had a positive relationship on recovery of viable 

seed, increased gut retention times decreased viability (Table 3.7). For example, Palmer 

amaranth recovered at 4 hours had higher recovery rate of viable seed (1.13 ± 0.37%) 

than the Palmer amaranth recovered at 8 hours after feeding (0.17 ± 0.06%). For each of 

the 6 species with viable seed recovered at more than one collection time, each one had a 

significant decrease in viable seed recovered as gut retention time increased. Utilizing 

this data, calculations were made to determine the potential distances that viable seed 

could be dispersed (Table 3.8). These distances were determined by multiplying each 

fecal collection time interval by the average mallard flight speed of 78 km h
-1

 (Bellrose 

and Crompton 1981; Bruderer and Boldt 2001) which can be maintained for 38 hours 

(Clausen et al. 2002; Pennycuick 1989). Based on these calculations, viable Palmer 
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amaranth, waterhemp and common lambsquarters seed could be dispersed up to 2964 km 

from the source location at which the seed was consumed. Taking into account that at 

least one recovered seed was viable from 11 of the species recovered in this study, it is 

therefore possible for all 11 species to be transported 312 km from their source. These 

dispersal estimates are similar to Mueller and van der Valk (2002) who summarized that 

during migratory flights, mallards could potentially disperse wetland weed species 

between 300 and 1,400 km. The differences in dispersal distances is in direct relation to 

flight characteristics, gut retention time and recovery rate of viable seed. 

 For agronomic production, the consequences of waterfowl having the ability to 

transport agronomically-important weed species, as shown herein, could be of great 

significance. As mentioned previously, Palmer amaranth is a troublesome weed species 

that has recently become more common in northern environments where it was not 

previously found (Webster and Nichols 2012). Some of this spread could be attributed to 

waterfowl, considering the number of Amaranthus species found in the hunter-harvested 

birds. When taken into account the fact that there are tens of millions of ducks and geese 

that migrate across North America every year (U.S. Fish and Wildlife Service 2015) and 

the proportion of Amaranthus species that germinated from the hunter-harvested birds 

(13%), there is the potential for hundreds of millions of Amaranthus seed being 

transported substantial distances by waterfowl. Considering that waterhemp and Palmer 

amaranth each had viable seed recovered beyond 38 hours, the potential is high for 

waterfowl to spread these seed across a local, regional, and continental scale. It is also 

important to note that herbicide resistance can be transferred from parent to progeny 

through seed (Beckie 2006). Currently, two of the most widespread and economically 
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impactful glyphosate-resistant weed species in the U.S. are Palmer amaranth and 

waterhemp (Beckie 2011; Heap 2016; Webster and Nichols 2012). The results from this 

research underscore the importance of utilizing best management practices for herbicide-

resistant weed prevention and mitigation such as: scouting fields routinely to determine if 

any new weed species are present and managing field borders to prevent an influx of new 

weeds entering the field (Norsworthy et al. 2012). These strategies can all be used to 

reduce the potential risk of herbicide-resistant weeds brought in through long-distance 

dispersal by waterfowl. Recent work by Norsworthy et al. (2014) illustrates the 

importance of having a zero-threshold strategy for glyphosate-resistant Palmer amaranth. 

In this study the authors simulated the survival of one glyphosate-resistant Palmer 

amaranth plant by spreading a conservative amount of seed in a 1 m
-2

 area in four 

separate cotton fields with no history of glyphosate-resistant Palmer amaranth. Within 

three years during which glyphosate was used as the only weed management strategy, the 

glyphosate-resistant Palmer amaranth had infested 95 to 100% of the monitored areas in 

all fields. This illustrates the significance of even one glyphosate-resistant Palmer 

amaranth seed being dispersed by waterfowl into a new area where it did not previously 

occur.   
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Table 3.1. Seed characteristics of 13 agronomically-important weed species fed to captive male and female mallards. 

Common name Scientific name Family NDF
a 

Seed type Seed mass
b
 Seed size

c
 

   ---%---  -------mg------ -----mm----- 

Palmer amaranth Amaranthus palmeri Amaranthaceae 22.2 Utricle 0.32 + 0.01 0.62 x 0.53 

Common waterhemp Amaranthus rudis  Amaranthaceae 18.8 Utricle 0.24 + 0.01 0.86 x 0.74 

Common ragweed Ambrosia artemisiifolia Asteraceae 31.5 Achene 4.39 + 0.16 3.75 x 1.94 

Giant ragweed Ambrosia trifida  Asteraceae 35.8 Achene 39.77 + 2.17 8.22 x 4.48 

Common lambsquarters Chenopodium album  Chenopodiaceae 31.4 Utricle 0.45 + 0.01 1.12 x 1.02 

Yellow nutsedge (tubers) Cyperus esculentus  Cyperaceae 19.7 Tuber 238.68 + 10.67 9.67 x 8.40 

Barnyardgrass Echinochloa crus-galli  Poaceae 17.2 Caryopsis 3.64 + 0.03 2.36 x 1.81 

Common sunflower Helianthus annuus Asteraceae 21.2 Achene 64.88 + 1.98 10.25 x 4.94 

Ivyleaf morningglory Ipomoea hederacea Convolvulaceae 30.1 Capsule 25.56 + 0.65 3.91 x 2.68 

Italian ryegrass Lolium multiflorum  Poaceae 21.2 Caryopsis 3.06 + 0.03 4.96 x 1.22 

Pennsylvania smartweed Polygonum pensylvanicum Polygonaceae 41.5 Achene 6.04 + 0.17 3.25 x 2.74 

Giant foxtail Setaria faberi  Poaceae 31.3 Caryopsis 1.61 + 0.03 2.44 x 1.40 

Shattercane Sorghum bicolor  Poaceae 27.2 Caryopsis 15.23 + 0.29 4.41 x 2.70 
a
NDF, neutral detergent fiber. 

b
Values represent the mean + SE. 

c
Values represent mean height by width from measuring 30 seeds from each species. 
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Table 3.2. Number of ducks and geese harvested by region by species and sex for the 2014-15, and 2015-16 Missouri hunting seasons.
a 

   Central  Northeast  Northwest   Southeast  Southwest  

Harvest Time Common name Scientific name M F M F M F M F M F 

Oct. 26, 2014 –  American Wigeon Anas americana 1 2 - - - - - - - - 

Jan. 24, 2015 Blue-winged teal Anas discors - 1 - - - - - - - - 

 American Coot Fulica americana - - 1 - - - - - - - 

 Gadwall Anas strepera - 7 - - 2 2 2 1 - - 

 Common Goldeneye Bucephala clangula  - - - - 1 - - - - - 

 Green-winged teal Anas carolinensis 8 11 1 - 4 4 5 1 - - 

 Hooded merganser Lophodytes cucullatus - - - - 2 - - - - - 

 Mallard Anas platyrhynchos  11 7 6 4 69 20 15 9 1 1 

 Northern pintail Anas acuta 4 8 - 1 - 1 - 1 - - 

 Northern shoveler Spatula clypeata 2 3 1 - 3 4 - - - - 

 Redhead Aythya americana - 1 - - 1 - - - - - 

 Ring-necked duck Aythya collaris - - 1 - - 3 - - - - 

 Wood duck Aix sponsa. 1 - 2 1 - - - - - - 

Nov. 2, 2015 -  American Wigeon Anas americana - - - - - 1 - - - - 

Jan. 6, 2016 Blue-winged teal Anas discors - - - - - 1 - - - - 

 Gadwall Anas strepera - 4 1 - 1 2 - 2   

 Green-winged teal Anas carolinensis 1 3 4 - 1 1 1 1 - - 

 Lesser scaup Aythya affinis - - - - - 1 - - - - 

 Mallard Anas platyrhynchos 10 4 12 6 9 2 11 6 16 3 
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 Northern shoveler Spatula clypeata 3 - - - - - - - - - 

 Northern pintail Anas acuta 1 3 1 - 4 3 1 1 - - 

 Redhead Aythya americana - - - - 1 - - - - - 

 Ring-necked duck Aythya collaris 3 1 - - - 1 - - - - 

 Wood duck Aix sponsa - - - - 1 - - - - - 

Mar. 7 – 10, Lesser Snow Geese Chen caerulescens - - - - 17 78 - 1 - - 

2015 Ross’s Goose Chen rossii - - - - 2 13 - - - - 

a
237 ducks harvested October 26 - January 24, 2015; 125 ducks harvested November 2 - January 6, 2016; 111 snow geese harvested 

March 7 -10, 2015.   
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Table 3.3. Total number of plants emerged per digestive tract section and the proportion (%) of the total number of plants from each 

section by plant species across all ducks collected during the 2014-15 waterfowl season (n=237). 

  

 Esophagus and 

proventriculus 

  

Gizzard 

  

Intestines 

 

Common Name Scientific Name 

Number 

of plants 

emerged 

Percent 

of total 

Number 

of plants 

emerged 

Percent 

of total 

Number 

of plants 

emerged 

Percent  

of total 

Velvetleaf Abutilon theophrasti 1 0.01 2 0.05 0 0.00 

Prostrate pigweed Amaranthus blitoides 0 0.00 66 1.58 0 0.00 

Waterhemp Amaranthus rudis 3654 37.76 444 10.64 146 26.69 

Spiny amaranth Amaranthus spinosus 0 0.00 1 0.02 0 0.00 

Prairie threeawn Aristida oligantha 0 0.00 7 0.17 0 0.00 

Wwamp milkweed Asclepias incarnata 0 0.00 0 0.00 1 0.18 

Wild oat Avena fatua 0 0.00 0 0.00 0 0.00 

Devils beggarticks Bidens frondosa 62 0.64 0 0.00 0 0.00 

Field sandbur Cenchrus spinifex 0 0.00 0 0.00 1 0.18 

Partridgepea Chamaecrista fasciculata 0 0.00 6 0.14 0 0.00 

Common lambsquarters Chenopodium album 4 0.04 2 0.05 0 0.00 

Field dodder Cuscuta pentagona 1 0.01 0 0.00 0 0.00 

Nutsedge species Cyperaceae family 1 0.01 18 0.43 22 4.02 

White prairie clover Dalea candida 1 0.01 0 0.00 7 1.28 

Smooth crabgrass Digitaria ischaemum 2 0.02 0 0.00 0 0.00 

Indian mock-strawberry Duchesnea indica 1 0.01 0 0.00 0 0.00 
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Barnyardgrass Echinochloa crus-galli 5149 53.21 293 7.02 52 9.51 

Eclipta Eclipta prostrata 48 0.50 23 0.55 2 0.37 

Blunt spikerush Eleocharis obtusa 9 0.09 155 3.72 43 7.86 

Hairy galinsoga Galinsoga quadriradiata 41 0.42 0 0.00 0 0.00 

Ivyleaf morningglory Ipomoea hederacea 0 0.00 1 0.02 0 0.00 

Prickly lettuce Lactuca serriola 1 0.01 0 0.00 1 0.18 

Purple loosestrife Lythrum salicaria 3 0.03 0 0.00 0 0.00 

Black medic medicago lupulina 1 0.01 26 0.62 2 0.37 

Carpetweed Mollugo verticillata 1 0.01 1 0.02 1 0.18 

Witchgrass Panicum capillare 110 1.14 139 3.33 3 0.55 

Fall panicum Panicum dichotomiflorum 1 0.01 1 0.02 1 0.18 

Reed canarygrass Phalaris arundinacea 2 0.02 1 0.02 3 0.55 

Common reed Phragmites australis 156 1.61 2 0.05 2 0.37 

Wedgeleaf fogfruit Phyla cuneifolia 2 0.02 16 0.38 0 0.00 

Common pokeweed Phytolacca americana 1 0.01 0 0.00 0 0.00 

Swamp smartweed Polygonum amphibium 4 0.04 137 3.28 2 0.37 

Prostrate knotweed Polygonum aviculare 1 0.01 1 0.02 0 0.00 

Pale smartweed Polygonum lapathifolium 249 2.57 1881 45.09 217 39.67 

Pennsylvania smartweed Polygonum pensylvanicum  30 0.31 887 21.26 35 6.40 

Ladysthumb Polygonum perisicaria 3 0.03 9 0.22 0 0.00 

Common purslane Portulaca oleracea 0 0.00 1 0.02 0 0.00 
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Rough cinquefoil Potentilla norvegica 2 0.02 1 0.02 0 0.00 

Pin oak Quercus palustris 2 0.02 0 0.00 0 0.00 

Smallflower buttercup Ranunculus abortivus 1 0.01 1 0.02 3 0.55 

Red sorrel Rumex acetosella 0 0.00 19 0.46 0 0.00 

Curly dock Rumex crispus 116 1.20 10 0.24 0 0.00 

Black willow Salix nigra 1 0.01 2 0.05 2 0.37 

Giant foxtail Setaria faberi 7 0.07 1 0.02 0 0.00 

Prickly sida Sida spinosa 6 0.06 18 0.43 0 0.00 

Red clover Trifolium pratense 1 0.01 0 0.00 1 0.18 

Corn Zea mays 1 0.01 0 0.00 0 0.00 

 Total: 9676  4172  547  
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Table 3.4. Total number of plants emerged per digestive tract section and the proportion (%) of the total number of plants from each 

section by plant species across all ducks collected during the 2015-16 waterfowl season (n=125). 

  

 Esophagus and 

proventriculus 

 

Gizzard 

 

Intestines 

 

Common Name Scientific Name 

Number 

of plants 

emerged 

Percent 

of total 

Number 

of plants 

emerged 

Percent 

of total 

Number 

of plants 

emerged 

Percent 

of total 

Palmer amaranth Amaranthus palmeri 74 0.55 0 0.00 0 0.00 

Waterhemp Amaranthus rudis 8 0.05 2 0.03 0 0.00 

Common ragweed Ambrosia artemisiifolia 3 0.02 597 10.63 0 0.00 

Devils beggarticks Bidens frondosa 19 0.14 1 0.02 0 0.00 

Partridgepea Chamaecrista fasciculata 0 0.00 7 0.12 0 0.00 

Field dodder Cuscuta pentagona 3 0.02 74 1.32 1 0.32 

Cyperus species Cyperaceae family 0 0.00 1 0.02 3 0.96 

Orchardgrass Dactylis glomerata 0 0.00 2 0.04 0 0.00 

Smooth crabgrass Digitaria ischaemum 2 0.01 9 0.16 0 0.00 

Barnyardgrass Echinochloa crus-galli 522 3.89 43 0.77 2 0.64 

Eclipta Eclipta prostrata 31 0.23 5 0.09 0 0.00 

Blunt spikerush Eleocharis obtusa 1 0.01 48 0.85 9 2.88 

Cutleaf geranium Geranium dissectum 0 0.00 8 0.14 0 0.00 

Soybean Glycine max 3 0.02 1 0.02 0 0.00 

Marshelder Iva xanthifolia 1 0.01 0 0.00 0 0.00 

Italian ryegrass Lolium multiflorum 0 0.00 9 0.16 0 0.00 



 

 

 

9
5
 

Osage-orange Maclura pomifera 83 0.62 0 0.00 0 0.00 

Black medic Medicago lupulina 0 0.00 1 0.02 1 0.32 

Reed canarygrass Phalaris arundinacea 14 0.10 0 0.00 0 0.00 

Swamp smartweed Polygonum amphibium 2 0.01 204 3.63 4 1.28 

Pale smartweed Polygonum lapathifolium 169 1.26 1088 19.37 71 22.68 

Pennsylvania smartweed Polygonum pensylvanicum  2 0.01 72 1.28 5 1.60 

Ladysthumb Polygonum perisicaria 12337 92.03 3298 58.70 214 68.37 

Corn buttercup Ranunculus arvensis 0 0.00 4 0.07 2 0.64 

Curly dock Rumex crispus 122 0.91 48 0.85 0 0.00 

Giant foxtail Setaria faberi 0 0.00 76 1.35 0 0.00 

Prickly sida Sida spinosa 2 0.01 20 0.36 1 0.32 

Corn Zea mays 8 0.06 0 0.00 0 0.00 

 Total: 13406  5618  313  
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Table 3.5. Total number of plants emerged per digestive tract section and the proportion (%) of the total number of plants from each 

section by plant species across all geese collected in March 2015 (n=111). 

  

 Esophagus and 

proventriculus 

 

Gizzard 

 

Intestines 

 

Common Name Scientific Name 

Number 

of plants 

emerged 

Percent 

of total 

Number 

of plants 

emerged 

Percent 

of total 

Number 

of plants 

emerged 

Percent 

of total 

Palmer amaranth Amaranthus palmeri 0 0.00 0 0.00 1 50.00 

Waterhemp Amaranthus rudis 6 12.24 1 2.78 0 0.00 

Cyperus species Cyperaceae family 0 0.00 1 2.78 0 0.00 

Barnyardgrass Echinochloa crus-galli 2 4.08 4 11.11 0 0.00 

Blunt spikerush Eleocharis obtusa 1 2.04 2 5.56 0 0.00 

Ivyleaf morningglory Ipomoea hederacea 0 0.00 1 2.78 0 0.00 

Black medic medicago lupulina 1 2.04 0 0.00 0 0.00 

Pale smartweed Polygonum lapathifolium 0 0.00 11 30.56 1 50.00 

Pennsylvania smartweed Polygonum pensylvanicum 0 0.00 14 38.89 0 0.00 

Ladysthumb Polygonum perisicaria 0 0.00 1 2.78 0 0.00 

Corn Zea mays 39 79.59 0 0.00 0 0.00 

 

Total 49 

 

36 

 

2 
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Table 3.6. Recovery, viability, and retention time of 13 agronomically-important weed species fed to captive mallards. 

  
 

 
Maximum Seed 

Retention Time
 

Species Ingested Seeds Recovered Seeds
a
 Viable Seeds

b
 Recovered Viable 

 (mean ± SE) ----------%
c
---------- ----------%

c
---------- ----------- h ----------- 

Amaranthus palmeri 3182.8 ± 27.6 14.6 b 25.6 a 48 48 

Amaranthus rudis 4205.0 ± 124.8 17.1 b 22.9 a 48 48 

Ambrosia artemisiifolia  234.1 ± 7.7  10.7 bc 29.1 a 16 12 

Ambrosia trifida  25.6 ± 1.3  1.7 d 3.1 bc 4 4 

Chenopodium album  2245.9 ± 48.5 30.6 a 23.2 a 48 40 

Cyperus esculentus
d 

4.4 ± 0.2 -
 

- - - 

Echinochloa crus-galli 277.9 ± 2.6   2.9 d 0.4 c 28 4 

Helianthus annuus
d 

15.5 ± 0.5 - - - - 

Ipomoea hederacea  39.6 ± 1.2   1.3 d 12.5 abc 8 8 

Lolium multiflorum  328.9 ± 3.6   2.6 d 19.4 ab 28 24 

Polygonum pensylvanicum 168.0 ± 4.7  16.5 b 16.0 abc 48 12 

Setaria faberi  613.1 ± 6.8   1.7 d 0.7 c 28 4 

Sorghum bicolor  66.1 ± 1.1    4.1 cd 10.9 abc 8 4 
a
Recovered seeds = number of seeds recovered/number of seeds fed*100. 

b
Viable seeds = number of viable seeds/number of seeds recovered*100 

c
Values followed by the same letter in each column are not significantly different, LSD=0.05. 

d
No intact seed or tubers recovered from any of the 8 feeding trials. 
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Table 3.7. Influence of gut retention time on percent viability of 13 agronomically-important weed species fed to captive mallards. 

 Gut Retention Time (hour) 

Speciesa 4 8 12 16 20 24 28 32 36 40 44 48 

 -------------------------------------------------------------% viabilityb----------------------------------------------------------------- 

A. palmeri 1.13 a 0.17 b 0.03 c 0.03 c 0.004 c 0.004 c 0.004 c  -c - - 0.004 c 0.004 c 

A. rudis 0.98 a 0.12 b 0.014 c 0.009 c 0.02 c 0.003 c 0.003 c 0.003 c - - - 0.003 c 

A. artemisiifolia  3.07 a 0.36 b 0.11 b - - - - - - - - - 

A. trifida  0.43 a - - - - - - - - - - - 

C. album  1.37 a 0.66 b 0.34 bc 0.07 cd 0.042 d 0.036 d 0.03 d - 0.01 d 0.001 d - - 

C. esculentus - - - - - - - - - - - - 

E. crus-galli 0.04 a - - - - - - - - - - - 

H. annuus - - - - - - - - - - - - 

I. hederacea  - 0.32 a - - - - - - - - - - 

L. multiflorum  0.23 a 0.04 b - - - 0.04 b - - - - - - 

P. pensylvanicum 1.41 a 0.54 b 0.08 b - - - - - - - - - 

S. faberi  0.02 a - - - - - - - - - - - 

S. bicolor  1.34 a - - - - - - - - - - - 
a
Species: Amaranthus palmeri, Amaranthus rudis, Ambrosia artemisiifolia, Ambrosia trifida, Chenopodium album, Cyperus 

exculentus, Echinochloa crus-galli, Helianthus annuus, Ipomoea hederacea, Lolium multiflorum, Polygonum pensylvanicum, Setaria 

faberi, and Sorghum bicolor. 
b
Values in each row followed by the same letters are not different, LSD=0.05. 

c
Dashes indicate times when no viable seed was recovered during any of the 8 trials.  
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Table 3.8. Potential dispersal distances of viable weed seed based on known recovery rates and mallard flight speed during 

migration.
a
 

 Potential Dispersal Distance (km) 

Species 0-312
 

624 936 1248 1560 1872 2184 2496 2808 2964
b 

 -----------------------------------------------------% viable seed---------------------------------------------------- 

Amaranthus palmeri 1.13 0.17 0.03 0.03 0.004 0.004 0.004 0.00 0.00 0.00
c 

Amaranthus rudis 0.98 0.12 0.01 0.009 0.02 0.003 0.003 0.00 0.00 0.00
d
 

Ambrosia artemisiifolia  3.07 0.36 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ambrosia trifida  0.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Chenopodium album  1.37 0.66 0.34 0.07 0.04 0.04 0.03 0.00 0.01 0.01 

Echinochloa crus-galli 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ipomoea hederacea  0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Lolium multiflorum  0.23 0.04 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 

Polygonum pensylvanicum 1.41 0.54 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Setaria faberi  0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sorghum bicolor  1.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
a
Values represent the percentage of consumed seed that was still viable when excreted during each four hour fecal collection point 

after feeding. Potential dispersal distance was calculated by multiplying each time interval by the observed average mallard flight 

speed of 78 km h
-1

 (Bellrose and Crompton 1981; Bruderer and Boldt 2001) which can be maintained for 38h (Clausen et al. 2002). 
b
The distance a mallard could fly limited by the maximum continuous flight time of 38h.  

c
Viable 

 
Amaranthus palmeri was recovered at 44 and 48h at 0.004%.  

d
Viable 

 
Amaranthus rudis was recovered at 48h at 0.003%. 
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Figure 3.1. Harvest locations of hunter-harvested waterfowl collected in Missouri during 

the 2014-15 and 2015-16 hunting seasons. 

Duck harvest locations  

Goose harvest locations 
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Figure 3.2. Average percentage of intact (black line) and viable seeds (gold line) 

recovered for each of 11 weed species fed to captive male and female mallards at 4 h 

collection intervals for a 48 h time period. 
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Figure 3.3. The relationship between percent seed recovered for each trial and seed 

neutral detergent fiber (NDF) content. The black line represents the trend line for the 

model (r
2 

= 0.0442, p=0.0322). 
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