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Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] resistant to 

multiple herbicide sites of action continues to limit winter wheat production in western 

Oregon. In addition to impacting wheat production, multiple resistant Italian ryegrass 

may threaten the market for annual ryegrass seed for cover crops if wheat fields with 

severe infestations are subsequently planted to annual ryegrass and the seed from these 

fields is sold as cover crop seed. Italian ryegrass resistant to diclofop was first 

documented in western Oregon in 1987 (Stanger and Appleby 1989), after less than 10 

years of use. Since that time the list of herbicides Italian ryegrass populations have been 

observed to be resistant to has grown to include diclofop (WSSA group 1), diuron 

(WSSA group 7), mesosulfuron (WSSA group 2), flucarbazone (WSSA group 2), 

flufenacet (WSSA group 15), pinoxaden (WSSA group 1), propoxycarbazone (WSSA 

group 2) and pyroxsulam (WSSA group 2) . For example, in a 2013 wheat field trial, 

plots treated with pyroxsulam alone and flufenacet-metribuzin followed by pyroxsulam 

yielded 45 and 72 bu/a respectively. Untreated plots and plots where Italian ryegrass was 



controlled yielded 28 and 110 bu/a, respectively (Roerig et al. unpublished data). In 2014, 

pyroxasulfone a new group 15 herbicide that provides preemergent control of grass 

weeds in wheat, including those resistant to flufenacet, was registered. Previous patterns 

of resistance development in Italian ryegrass indicate that Italian ryegrass will likely 

develop resistance to pyroxasulfone as well.  

An Italian ryegrass plant does not have the means to distribute its seed more than 

a meter or two, however harvest equipment does. McManny and Cavers (1988) found 

that proso millet in corn at harvest was moved in excess of 50m by combines and 

observed in surveys that proso millet could be spread across most of a field from an 

isolated patch in two years. As such, combines appear to pose the greatest risk of moving 

seed from an initial site of resistance development across an entire field. A combine 

separates harvested material into three parts: grain, straw, and chaff. The combine 

threshes and sifts the desirable portion of the crop along with anything that is similar in 

size and weight, often some weed seeds, into the grain tank. The straw is any long piece 

of the crop which is discarded either by spreading or dropping into a windrow for later 

baling. The chaff is the material that is too light to be grain and is blown out the back. In 

most cases the majority of weed seeds exit the combine in the chaff portion.  

Some progress has been made in controlling weeds seeds in the chaff, such as use 

of chaff collection carts, narrow windrow burning and placing the chaff on top of the 

straw for baling. Additionally, the Harrington Seed Destructor has been in limited use in 

Australia for several years. This device routes chaff exiting the combine through a cage 

mill where 90-99% of weeds seeds are destroyed (Walsh et al. 2012). There has also been 

discussion of major equipment manufactures integrating milling or microwave systems to 



destroy weed seeds into the machines they manufacture. This sort of equipment may 

become available for growers in the Pacific Northwest in future years. Research is needed 

to determine efficacy of this type of system in controlling locally important weeds such 

as Italian ryegrass in wheat.  

 Any time a weed seed is prevented from entering the soil seed bank it preempts 

the opportunity for that seed to become a plant that will compete with the crop, produce 

offspring or even develop or spread herbicide resistance. However, for a practice such as 

weed seed removal or destruction to have value it must have a net effect of reducing the 

total weed seed bank or preventing the spread of new infestations. This research intends 

to determine the efficacy of these practices when herbicides do not adequately control the 

weed population. The data collected will help growers determine whether the use of these 

systems would be able to prevent or reduce populations of herbicide resistant Italian 

ryegrass and be beneficial to their farming operation.  

Combine harvesters are designed to separate desirable material, such as grain, 

seeds, and kernels, from undesirable material such as stems, leaves, weed seeds and other 

foreign material while traveling through the field. The desired material is collected into 

the grain tank and everything else is typically discharged from the back of the combine 

into the field. Since this process occurs while the combine is moving, weed seeds 

entering the combine are typically discharged some distance from where the weed grew, 

potentially increasing the distance the seeds could travel beyond natural dispersal 

mechanisms. Studies were conducted in 2016 and 2017 to assess how far Italian ryegrass 

seeds travel during wheat harvest. Seed was prepared for the study by microwaving to 

prevent germination following the study and dyed to aid in detection and counting. 



Twenty 0.74m2 pans were placed 11m apart and wheat harvest was conducted straddling 

the pans so they remained centered under the combine. At the beginning of each pass, 

thin paper bags containing a total of 5.5kg of one color of Italian ryegrass seed were 

attached to the heads of the wheat. For each pass a different color of Italian ryegrass seed 

was used. The distribution of three colors was measured in 2016 and four colors in 2017. 

Since the colors were distinctly different it was not necessary to clean the combine 

between each color, allowing observations of the previous colors to be made during 

passes with a subsequent color at a distance of up to 873m. The first pan in the sequence 

had an average of 14,220 seeds and the number quickly decreased. By the end of the first 

pass, at 215m, the pans contained an average of 41 seeds of the color introduced at the 

beginning of the pass. In pans starting at 774 and up to 873m from the initial 

introduction, an average of 4.2 seeds per pan were collected, a rate of over 500,000 

seeds/ha in the chaff row. These data provide evidence that weed seeds entering a 

combine during harvest can be transported great distances, readily facilitating the 

establishment of weed populations across a field from an isolated source from within the 

field. 

Two additional studies assessed the effect of collecting chaff using a chaff cart 

during harvest on the population of Italian ryegrass in a field over time. In both trials 

there were four treatments: untreated, herbicide, herbicide plus chaff collection, and chaff 

collection alone. In one trail the entire area was planted with Italian ryegrass during the 

first year of the crop. In the other a strip of Italian ryegrass was planted at one end of each 

plot and harvest was conducted across the plot starting from the side with the strip. In 

both trials winter wheat was planted in years 1-3, red clover was planted in year 4 and 



harvested in years 4 and 5, and winter wheat was planted in year 6. In the solid planted 

field Italian ryegrass populations were the lowest in the herbicide plus chaff collection 

plots three out of the six years but the difference was never statistically significant (at p-

value 0.05) from herbicide alone. It the trail where only a strip was planted Italian 

ryegrass populations were counted across the length of the plot. The plot was divided into 

ten groups. The herbicide plus chaff collection had the lowest population in each distance 

group, however this difference was only significant (at p-value 0.05) in the first group. 

These results suggest a trend towards lower Italian ryegrass populations when chaff 

collection is used in conjunction with herbicides than when herbicides are used alone, 

however further evaluation of the practice is needed to provide more conclusive results. 
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Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is a 

significant weed in western Oregon infesting many crops in the region. It competes 

fiercely for resources when grown in conjunction with desired crops and contaminates 

harvested grain or seed. Appleby et al. (1976) reported reductions in winter wheat yields 

ranging from 15-50% depending on Italian ryegrass density. In addition to being 

competitive, Italian ryegrass exhibits a high level of plasticity and has developed 

resistance to numerous herbicide modes of action. 

Combines have the capacity to move weed seeds harvested with the crop, such as 

Italian ryegrass, great distances. This can lead to isolated patches, stemming from a new 

introduction or new cases of herbicide resistance, becoming widespread in a field. 

Integrated weed management (IWM) seeks to utilize multiple approaches to mitigate the 

effect of weeds on crops. Harvest weed seed control (HWSC) is a form of IWM that sits 

at the intersection of herbicide resistance and combine transport of weed seeds. HWSC 

seeks to reduce the population or spread of weeds that are discharged by the combine 

during harvest by some form of destruction or removal.  

The main objectives of this research are: 1) Determine the distance Italian rye 

seeds can be transported by a combine harvester during harvest, 2) Determine whether an 

out-of-control population of Italian ryegrass in a field can be brought back into control by 

using HWSC, 3) Determine whether HWSC can prevent or slow the spread of new weed 

problems, such as patches of newly developed herbicide resistance. 
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Chapter 2 

Literature Review 

Italian ryegrass 

Lolium perenne L. ssp. multiflorum (Lam.) Husnot is significant in western 

Oregon as both weed and a crop. It is a robust annual, introduced from Europe and 

growing to 1 meter in height (Hitchcock 1971).  Weedy biotypes are usually referred to 

as Italian ryegrass and crop biotypes are usually referred to as annual ryegrass. Annual 

ryegrass grown for seed is a major crop in western Oregon. Crop biotypes are rarely 

problematic as volunteers in other crops due to the continuous nature of annual ryegrass 

production and the fact that it normally exhibits a high degree of herbicide susceptibility. 

However, in western Oregon it is somewhat common for a weedy population of Italian 

ryegrass to take over a field where wheat has been planted and then the weedy biotype is 

harvested and sold as annual ryegrass crop.  

Competition 

Italian ryegrass is an aggressive competitor. In western Oregon it is frequently 

found infesting cereal crops, mostly wheat, and in grasses grown for seed. In grasses 

grown for seed, Italian ryegrass presents a significant threat to seed lots as a contaminant 

with the harvested seed. In wheat, dockage can occur due to contamination of harvested 

grain, but Italian ryegrass seeds can be easily removed, and yield loss due to competition 

is the primary concern. Pavlychenlo and Harrington (1937) reported a survey of Canadian 

grain fields with infestations of numerous annual weeds early in the season wherein the 

fields ranged from nearly weed free to so infested as to have very little crop, depending 

on weed species. Italian ryegrass has the potential to leave very little crop in severe 
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infestations. Appleby et al. (1976) reported reductions in winter wheat yields ranging 

from 15-50% when wheat was grown with 66-118 Italian ryegrass plants per square 

meter. Roerig et al. (2015) recorded a 75% reduction in untreated plots and a 53% 

reduction in wheat yield in plots treated with flufenacet-metribuzin followed by 

pyroxsulam in a commercial wheat field with an infestation of multiple resistant Italian 

ryegrass as compared to plots with 98% or greater control of Italian ryegrass. Numerous 

similar studies have documented reductions of up to nearly 100% in wheat yield when 

grown in competition with Italian ryegrass (e.g., Appleby and Brewster, 1992; Brewster 

et al, 1977; Bailey et al., 2003; Griffin, 1986; Hashem et al., 1998; Justice et al., 1994; 

Khodayari et al., 1983; Scursoni et al., 2012, Trusler et al, 2007).  

When a model was developed to predict wheat yield loss due to Italian ryegrass 

competition in various climatic situations, precipitation and cumulative heat did not 

predict relative competitiveness of wheat and Italian ryegrass; Italian ryegrass population 

was the only factor evaluated to reduce wheat yield (Stone et al. 1999). Field studies 

resulted in a 40% reduction in leaf area and above ground biomass of wheat early in the 

growing season when a low density of Italian ryegrass was present at 40 plants/m2 

(Stone, 1994).  Although wheat does have a slight competitive advantage over Italian 

ryegrass in terms or early above ground biomass (Ball et al. 1995), Italian ryegrass can 

still be the dominate species.  

Italian ryegrass was less competitive during vegetative stages, but more 

competitive during reproductive stages (Hashem et al., 1998). The competition between 

Italian ryegrass and wheat appears to occur mostly below ground. Stone et al. (1998) 

documented minimal effect when plants of the two species are grown in close proximity, 
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but with the roots partitioned and strong competition when the roots are allowed to 

interact at the same density.  

Rigid ryegrass (Lolium rigidum Gaudin) is a similar species to Italian ryegrass, 

differing from Italian ryegrass primarily in that is has somewhat less propensity towards 

seed shatter at maturity. It infests wheat growing areas of Australia and has develop 

resistance to many herbicides. The issues with rigid ryegrass in Australia are very similar 

to the issue with Italian ryegrass in the US, however rigid ryegrass infestations are more 

widespread and the development and spread of herbicide resistance is greater. While rigid 

ryegrass is not common in western Oregon, studies of rigid ryegrass in Australian can 

give some indication of what to expect from Italian ryegrass locally. Wheat and rigid 

ryegrass compete equally for nitrogen up to the 3-leaf stage. If nitrogen was application 

was delayed to the 4-leaf stage, then rigid ryegrass had the competitive advantage 

(Forcella, 1984). In greenhouse experiments Italian ryegrass was more efficient at taking 

up nutrients than wheat (Liebl and Worsham, 1987).  Nonetheless, adding excess rates of 

nitrogen only increase Italian ryegrass straw, but do not increase grain yield in winter 

wheat infested with Italian ryegrass (Albeke, 1963). Italian ryegrass was more 

competitive with wheat when ample water was provided and wheat competitiveness with 

Italian ryegrass was enhanced by drought (Carson et al. 1999). Wheat tillers correlated 

negatively with Italian ryegrass population while heads size and kernel size remained 

relatively unchanged, so yield losses were primarily attributed to a reduction in tillering 

(Liebl and Worsham, 1987).  

In addition to competing fiercely with wheat during the growing season, Italian 

ryegrass also can produce vast quantities of seed. Pedreros (2002) reported 80 Italian 
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ryegrass plants/m2 added more than 28,000 seeds/m2 to the seed bank. As wheat density 

increased the effect of rigid ryegrass on wheat yield diminished until at the highest wheat 

density, there was no effect as compared to a pure stand of wheat. However, this 

population density was so high that yield was reduced as compared to pure stands of 

wheat alone of lower density due to intraspecies competition (Rerkasem et al., 1980). 

Competition between wheat plants and between wheat plants and rigid ryegrass are both 

detrimental to wheat yield. Growth of rigid ryegrass was strongly suppressed by 

increased wheat densities (Medd et al., 1985). Wheat planting arrangement did not have a 

significant effect on rigid ryegrass growth (Medd et al., 1985) or Italian ryegrass 

(Appleby and Brewster, 1992). Nor did seeding rate and row spacing affect 

competitiveness of wheat vs. Italian ryegrass (Justice et al., 1994). The effect of 

competition of rigid ryegrass in wheat varied greatly by cultivar and year, making it 

difficult to identify cultivars suited to competing with the weed (Cousens and Mokhtari, 

1998). The authors suggest that cultivar selection is not likely to play a consistent role in 

reducing the impact of weed competition.  Italian ryegrass population dynamics were 

modeled considering an increase in average air temperature of 2.5C as may occur due to 

anticipated climate change (Pagnoncelli, 2020). The model indicates an 18-26% increase 

in the seed bank equilibrium density of Italian ryegrass. The results of the studies indicate 

that climate change could enhance the competitiveness of Italian ryegrass. 

Resistance 

Herbicide resistant Italian ryegrass is a problem throughout the Pacific Northwest (Rauch 

et al., 2010; Mallory-Smith et al., 2007) and other parts of the United States (e.g., Kuk 

and Burgos, 2007 Ellis et al., 2008; Ellis et al., 2010). Italian ryegrass has developed 
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resistance to at least six different herbicide modes of action in the United States (Heap 

2020). In western Oregon there is documented resistance to herbicides from seven modes 

of action representing nearly all herbicides that control Italian ryegrass (Avila-Garcia and 

Mallory-Smith, 2011; Bobadilla et al., 2018; Kunjo 1992; Liu et al., 2014; Perez-Jones et 

al., 2005), with the notable exception of pyroxasulfone (Hulting et al., 2012). Pronamide 

is often used to control Italian ryegrass in fields rotated to clover and resistance to 

pronamide has not been observed by growers or extension personnel (Anderson, personal 

communication) but has been reported in one population in a greenhouse screen 

(Bobadilla et al., 2018). Populations of Italian ryegrass with resistance to flufenacet are 

susceptible to pyroxasulfone (Mingyang et al., 2016; Roerig et al, 2015), though both are 

WSSA group 15 herbicides. Currently there are three pyroxasulfone containing products 

on the market with labels allowing application on most of the large acreage crops in 

western Oregon. Even in the 1970’s, before the current global herbicide crisis, it was 

recognized that due to weed plasticity and selection pressure alternating herbicide mode 

of action would only delay herbicide resistance, not prevent it entirely (Gressel, 1978). 

Now with very limited effective herbicide options available for Italian ryegrass control in 

several key western Oregon crops, selection pressure for pyroxasulfone resistance will be 

intense. In a screening of over 100 million rigid ryegrass seeds, none were found to have 

a major resistance gene for pyroxasulfone, however a population with multiple resistance 

that had never been treated with pyroxasulfone developed a 33% survival rate after three 

generations when treated with 240 g ai/a (2x rate). A population resistant to multiple 

herbicide modes of action but that had not been exposed to pyroxasulfone had a 10% 

survival rate when pyroxasulfone applied at 120 g ai/ha, whereas a susceptible population 
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had a 2% survival rate at 90 g ai/ha (Busi et al, 2012). These results with a closely related 

species further illustrate the potential for the development of pyroxasulfone resistance in 

Italian ryegrass. The progression of Italian ryegrass herbicide resistance in the pacific 

northwest has closely followed that of rigid ryegrass in Australia where in a 2003 survey 

64% of populations were resistance to two or more herbicide modes of action (Owen et 

al., 2007) and by 2010 in a similar survey 95% were resistant to two or more herbicide 

modes of action (Owen et al., 2014).  

 Reprieve from herbicide resistance has historically come from the release of new 

herbicide modes of action, particularly in the case of Italian ryegrass in western Oregon. 

Yet there have been no new herbicides modes of action introduced for over 30 years 

(Duke, 2012) and investment by corporations in herbicide discovery has decreased both 

financially and in terms of personnel (Stubler et al., 2016). Thus, new herbicide modes of 

action are not likely to resolve the issue of herbicide resistant Italian ryegrass in western 

Oregon.  

 Other factors relating indirectly to herbicide resistance may also affect herbicide 

efficacy. Burrill and Appleby (1978) evaluated control of Italian ryegrass with diuron at 

different rates and weed densities. As Italian ryegrass density increased the percent 

reduction of Italian ryegrass was reduced. Diuron applied at 2.8 kg/ha resulted in an 82% 

reduction of Italian ryegrass biomass when the population was 700 plants/m2 and only 37 

when the population was 7,500 plants/m2. Such a response indicates that when herbicide 

resistance develops, and the typical increase in the seed bank occurs, even a new mode of 

action may be less able to control populations with large seed banks. Owen et al. 2011 

found rigid ryegrass populations resistant to ACCase and ALS inhibitors were found to 
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be more likely to germinate later, thus resisting herbicide applications in the traditional 

sense and avoiding them in time. Preplant non-selective herbicide use is common in this 

region. These examples underscore some of the undesirable secondary effects of 

herbicide resistance. 

 

Weed Seed Movement 

Transport 

The ability of combines to transport weed seeds during harvest has been observed 

at least as early as the 1920’s as combines were initially tested for use in Germany 

(Petzhold, 1952). Combines have a greater capacity to move weed seeds than any other 

farm machinery (Cousens and Mortimer, 1995; Thill and Mallory-Smith, 1997). 

McCanny and Cavers (1988) found an average of 3%, a small but significant amount, of 

proso millet seed produced in an isolated patch uniformly spread over 50 meters from the 

patch during corn harvest and observed that a black-seeded biotype of wild-proso millet 

had been spread to nearly cover an entire field after two years, presumably due to 

combine transport. McCanny and Cavers (1988) also documented large quantities of 

viable seed stored in the header of the combines used in the experiment. Similarly, 

Ghersa et al. (1993) recovered a steady rate of about 1% of Johnsongrass seeds entering 

the combine from isolated patches each meter of combine travel in seed traps for 50 

meters during corn harvest.  

An analysis of rigid ryegrass seed distribution at harvest found the majority of 

ridged ryegrass seeds remained within a few meters of their original location during 

harvest, however seeds were transported beyond the 18 meters the study measured 
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(Blanco-Moreno et al., 2004). Barroso et al. (2006) found the majority of wild oat plants 

growing within the perimeter of the original stand, but that isolated patches were found 

up to 20 meters from the edge of the original stand following two years of cereal gain 

harvest. Though most seed was shed before harvest and germinated where it was 

produced, the small number of seed moved is important as that provides the seed bank for 

the establishment of new patches. Italian ryegrass behaves similarly, with a majority of 

seed shattering before wheat reaches harvest maturity. Some seeds may cling tightly to 

the raceme during threshing and be discharged in the straw, but this is less common, and 

those seeds are likely to be immature. The remaining seed is either collected in the grain 

tank or discharged with the chaff. The relative proportion ending up in the grain tank or 

in the chaff depends on the machine and settings used (Shellard and Macmillian, 1978). 

As such, a reduced, but significant proportion of seeds are returned to the field in the 

chaff.  

The movement of small quantities of seed is very important when dealing with the 

spread of herbicide resistant weeds. From a modeling exercise Ballare et al. (1987) 

concluded that the spatial dispersal of weed seed during harvest promotes exponential 

population growth by making additional space available to the plants and 95-99% control 

of seedling may not be adequate to reduce weed populations without removal of 80-90% 

of seeds during harvest. When modeling numerous factors Woolcock and Cousens (2000) 

indicated that good estimates of dispersal are needed to predict the rate of spread. Good 

estimates of Italian ryegrass seed dispersal by combines were not found in the literature. 

Weed seeds are often moved between fields (Donald and Ogg, 1991, Horne 

1953). Seeds moved by combines between fields would be either inside the machine or 
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on the outside. Since it is significantly easier to clean the outside of a combine than the 

inside, harvest weed seed management techniques could play an important role in 

reducing inter-field transport of weed seeds, in addition to intra-field transport. 

 Dispersal by tillage in space is generally limited and is not substantially greater in 

distance than dispersal by seed shatter (Barroso et al., 2006 and Rew and Cussans, 1997). 

However, tillage can be an important factor in effectively distributing weed seeds over 

time. For example: 9-13% of rigid ryegrass seed carried over from the previous year. 

Seed decay accounted for a greater proportion of seeds not persisting past one year in no-

till than in a minimum tillage treatment (Chauhan et al., 2006a). Rigid ryegrass seed 

germination was 16% on the soil surface, 49% at 1cm, 44% at 2cm, 10% at 5cm, and 0% 

at 10cm. Crop residue or 5cm burial favors germination and emergence and decreases 

decay compared to seeds that remain on the soil surface (Chauhan et al., 2006b). Deep 

burial or leaving seed on the soil surface to decay results in the lowest emergence the 

following year. A study was conducted near Corvallis Oregon where Italian ryegrass seed 

was distributed at a population density representative of typical field with a severe 

infestation and tilled into the soil. Emerging seedlings were counted and removed so no 

additional seed was added to the seed bank. Italian ryegrass emerged in a very high 

density the first two years. By the third year emergence was less than 10% of the first 

year, 1% or less the fourth and fifth year, and less than 0.1% years six through nine. It 

was only after ten years that no Italian ryegrass was observed (Mallory-Smith, 

unpublished data).   

 

Integrated Weed Management 
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Integrated weed management has historically focused on reducing pesticide use 

though coordinated use of multiple approaches (Swanton and Weise, 1991). Chemicals 

are only a component of a weed management system; IWM is a shift back to when 

chemical weed control was just a part of the approach (Walker and Buchanan, 1982). The 

impact of crop rotation to control weeds was well understood 100 years ago. Grass 

should follow grain which would outcompete weeds and any viable seeds remaining 

would germinate during a cultivated row crop and be destroyed before going back to 

grain. “Continuous grain cropping… give[s] noxious weeds every opportunity to 

accumulate on the farm and infest the land.” Conversely, crop rotation including grass 

and cultivated row crops, grass headlands, intensive grazing, provide conditions that 

prevent weed infestations (Parker, 1915 (Part II, Chapter IV, 71-97)). With the 

introduction of synthetic nitrogen sources, came the abandonment of crop rotation 

leading to intense weed problems and the solution suggested by Slife and Wax 1976 (as 

cited in Walker and Buchanan 1982) was more suitable herbicides. Dealing with intense 

weed problems primarily with herbicides has led to herbicide resistance. Widespread 

herbicide resistance has led farmers to consider alternatives to herbicide, whereas 

effective IWM is a proactive effort. Effective herbicides have led to the mentality that 

weeds can be dealt with once they become established. The need for alternatives to 

herbicides is often stressed to combat herbicide resistance, however IWM approaches are 

perhaps more likely forestall herbicide resistance when they supplement herbicides and 

are implemented before resistance is widespread. Even though IPM was a major focus in 

the management of insects and diseases by 1990’s, much less effort was put into 

integrated weed management. From an analysis of 4116 Weed Science papers from 1951 
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to 1990 over 70% dealt with herbicides and only 300 were categorized as pertaining to 

“other control methods” (Thill et al., 1991).  IWM seeks to “create cropping systems 

unfavorable for weeds.” Prevention is the most basic means of controlling weeds by 

delaying the introduction and spread of weeds. Prevention is one of many elements to an 

IWM program (Buhler 2002). 

Even now as alternatives to herbicides are being pursued, it is often couched in 

the context of resistance management and IWM is rarely mentioned. IWM as a reaction 

to a problem (herbicide resistance) is less likely to be effective than a proactive IWM 

program. Small gains from a number of techniques will be required to combat herbicide 

resistance, including preseason herbicide application, delayed seeding with nonselective 

herbicide applications, pre-harvest nonselective herbicide application, increased seeding 

rates, and harvest weed seed management (Walsh and Powles, 2007). A combination of 

approaches is likely to be most effective (Matthews et al., 1996). 

 

Harvest Weed Seed Control 

Harvest weed seed control (HWSC) has been recognized as a potential tool to 

combat herbicide resistant rigid ryegrass in Australia since the mid-90’s. The object of 

HWSC is to control weed seeds exiting the combine by some means. There are several 

systems, but the objective of each is to prevent seeds exiting the combine from 

contributing to the seed bank. The Ryetek system removed 66% of ridged ryegrass seeds 

during wheat harvest (Walsh, 1996, and Matthews et al. 1996). The seed bank ranged 

from 7284-577 where no seed sifting occurred, to 3613-346 in 1 x 1 x 0.1m of soil where 

the seed sifting device was used (Matthews et al. 1996), but this system never found 
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widespread use.  Some form of HWSC was utilized experimentally in grass seed crops in 

western Oregon to reduce volunteer problems. The systems tested were only able to 

recover 0.1-8.2% of seed (Schweitzer 1994). In the 1980’s, HWSC was evaluated by 

researchers in Sweden. Based on 21 species the authors estimated that an average of 40% 

of seed shed before harvest but ranged 25-75%. Of the remaining seed, 5% was not 

harvested due to being lower than crop height, 3% spilled from the combine, 35% in the 

grain tank, 3% in the straw, and 14% in the chaff. The author anticipated a shift to earlier 

maturing species or biotypes and concluded that it is not a replacement for herbicides 

(Fogelfors 1982). However, modeling suggested that HWSC could forestall the evolution 

and spread of herbicide resistant weeds (Somerville et al, 2018).  

Chaff cart, narrow windrow burning, and HSD yielded similar reductions in rigid 

ryegrass populations. The population reduction resulting from a single year of HWSC at 

24 locations was 60%, ranging from 37-90% (Walsh et al., 2017). The benefits have been 

recognized by Australian growers with 43% adopting some sort of HWSC (Walsh et al., 

2017). There are several HWSC methods currently employed, and for each of them seed 

retention at harvest is key. 

Seed retention  

The success of HWSC in Australia is due to the high level of seed retention of the 

most troublesome weeds, allowing a majority of seeds to be processed through the 

combine, rather than falling to the soil (Walsh and Powles, 2014). Italian ryegrass 

retention at wheat harvest above 15 cm in Washington has been reported to be 58% 

(Walsh et al., 2018).  Seed retention of rigid ryegrass at harvest timing was positively 
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correlated with increased wheat biomass in 71 fields surveyed in Australia (Walsh et al, 

2018), thus a more competitive crop may aid in seed retention.  

A growing degree days model was produced to characterize wild oat seed shatter 

relative to wheat harvest (Shirtliffe et al. 2000). A growing degree model for Italian 

ryegrass could aid producers in timing harvest to maximize collection of seed into the 

combine. Rigid ryegrass at 30 cm and above (wheat harvest height targeting crop only) 

retained 40% of seed produced, but at 10 cm and above 66% of seed was retained (Walsh 

et al., 2016). There is no conclusive evidence yet of selection for lower seed height or 

more shattering as a result of HWSC and lowering harvest height from 30 to 10 cm 

increase rigid ryegrass seed collection by 24% and only increase biomass processed by 

the combine by 15% (Walsh et al, 2018). Tidemann et al. (2016) reported that due to the 

high level of shatter (80%) prior to wheat harvest in wild oat, HWSC alone will not likely 

result in a population decline. The retention of seeds on the plant at a level that can be 

harvested by the combine are the key factors to successful HWSC. Italian ryegrass falls 

somewhere between the high level of retention reported for rigid ryegrass and the low 

level of retention for wild oat. 

Chaff cart 

When a chaff cart was used, approximately 75% of rigid ryegrass seed was 

removed from the field (Walsh and Parker, 2002). Walsh and Powles (2007) found 75-

85% of rigid ryegrass seeds were collected by chaff collection during harvest, however 

the authors considered chaff cart use impractical due to large quantities of material. 

Shirtliffe and Entz (2005) reported a seven-fold reduction in the number of wild oat seeds 

discharged from the combine when a chaff cart was in use.  
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HSD, iHSD, and the Seed Terminator 

Walsh et al. (2012) evaluated the initial version of the Harrington Seed Destructor 

(HSD) and recorded 98% destruction of rigid ryegrass seeds. Currently, there are two 

available impact mills commercially available for mounting on combines; the Harrington 

Seed Destructor® (iHSD; De Bruin Engineering, PO Box 52, Mount Gambier, South 

Australia 5290, Australia) and the Seed Terminator® (Seed Terminator, 1284 South 

Road, Tonsley, South Australia 5042, Australia). The iHSD is 98% effective at killing 

rigid ryegrass seed entering the system (Walsh et al., 2018; and Schwartz-Lazaro et al., 

2017). Seed retention, weed height, and greater than 98% seed destruction efficacy on 

downy brome, feral rye, and jointed goat grass indicate that iHSD could be a valuable 

tool for controlling these species (Soni et al., 2020). For Italian ryegrass seed retention 

will be a key factor in determining the efficacy of HWSC. 

Burning 

Italian ryegrass seed density was reduced by 24% when standing stubble was 

burned and by 98% when residue was concentrated into a narrow windrow and burned 

compared to unburned residue (Lyon et al., 2016). Burning standing stubble resulted in 

20% emergence of introduced Lolium rigidum and while burning standard windrows (1.2 

m) resulted in 1% emergence. Narrow windrows (600-700 cm) produced higher 

temperatures and left approximately 10% of the field bare, vs 20% for windrow burning 

(Walsh, 2007). 

Conclusion 

Direct baling, narrow windrow burning, and HSD are similarly effective in 

controlling rigid ryegrass (greater than 95%) while carts were reported to provide 56-86% 
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control. Following a single year of HWSC in three locations infested with Italian 

ryegrass, seed head density was 29-69% lower than in untreated plots (Beam et al., 2019). 

Long term management of the seed bank is needed, not a focus on the effect on the 

current year’s yield (Norris, 2007). Gill and Holms (1997) concluded from a review of 

relevant the literature that no single cultural method of controlling herbicide resistant 

rigid ryegrass would provide adequate control to produce maximum yield, but that a 

combination of methods such as delayed planting, burning, ‘topping’, grazing, increased 

seed density, and seed capture at harvest would be required to maintain maximum yield. 

A model by González-Andujar and Fernández-Quintanilla (2004) predicted a 96.7% 

reduction in the seed bank when a half-rate of herbicide (80% control), delayed seeding 

date, increased seeding rate, and HWSC were used, as opposed to 90.2% when a full-rate 

(90% control) of herbicide and no other management practices were applied for 10 years. 

This model output underscores the value of utilizing multiple approaches to weed 

management.  

Even HWSC and other IWM practices subject weeds to selection pressure. 

Evaluating the possible effects of HWSC, Ashworth et al. (2016) found initial flowering 

of wild radish was 11 days earlier, moving from 600C to 344C growing degree days, and 

occurred in one quarter of the time after 5 generations selecting for early maturing plants.  

As Parker (1915) put it: “There are no weed problems associated with good 

farming, only with the shiftless type of farming. Weed eradication, in a nutshell, is good 

farming.” (Part VI, Chapter VI, 436-447). Though this may be a loftier goal than is 

obtainable, the concept underscores the importance of a long-term vision of weed control, 
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especially in an era of rampant herbicide resistance and generations since farmers have 

practiced weed management in the absence of effective herbicides.  

 

Chapter 3 

Materials and Methods 

 

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is a 

significant weed in western Oregon infesting many crops in the region. It competes 

fiercely for resources when grown in conjunction with desired crops and contaminates 

harvested grain or seed. Appleby et al. (1976) reported reductions in winter wheat yields 

ranging from 15-50% depending on Italian ryegrass density. In addition to being 

competitive, Italian ryegrass exhibits a high level of plasticity and has developed 

resistance to numerous herbicide modes of action. 

Combines have the capacity to move weed seeds harvested with the crop, such as 

Italian ryegrass, great distances. This can lead to isolated patches, stemming from a new 

introduction or new cases of herbicide resistance, becoming widespread in a field. 

Integrated weed management (IWM) seeks to utilize multiple approaches to mitigate the 

effect of weeds on crops. Harvest weed seed control (HWSC) is a form of IWM that sits 

at the intersection of herbicide resistance and combine transport of weed seeds. HWSC 

seeks to reduce the population or spread of weeds that are discharged by the combine 

during harvest by some form of destruction or removal.  

The main objectives of this research are: 1) Make direct measurements of the 

distance Italian rye seeds is transported by a combine harvester during harvest, 2) 
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Determine whether an out-of-control population of Italian ryegrass in a field can be 

brought back into control by using HWSC, and 3) Determine whether HWSC can prevent 

or slow the spread of new weed problems, such as patches of newly developed herbicide 

resistance. 

 

Seed Transport Experiment  

Site 

Winter wheat was no-till planted in the fall of 2015 and planted in a 

conventionally tilled field in the fall of 2016. The wheat was managed with locally 

accepted standard conventional practices, including fertilizer, herbicide, and fungicide 

applications as needed. Wheat yield in the trial area was approximately 6,725 and 9,400 

kilograms per hectare in 2016 and 2017, respectively. 

Seed Preparation  

To prevent contamination of the fields where the experiment was conducted, non-

germinable seeds were used for the experiment. ‘Golf’ Italian ryegrass seeds from a 

commercial field were microwaved in a conventional home microwave oven for 2.5 

minutes set on high. The seeds were microwaved in batches of 250 grams. Subsets of 

several batches were tested and found to have 0% germination after two weeks. It was 

anticipated that heating the seeds would affect the moisture content which would lower 

density of the seed. Seed that is lighter due to moisture removal may travel though the 

combine differently than seed that has not. Following microwaving, seed weight was 

reduced by 1.5-7.7%, however several weeks later the seed had absorbed moisture from 
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the ambient air and the dyeing process and any difference in seed weigh was not 

significant. 

The seeds for this experiment were dyed for three main reasons. First, dyed seed 

was distinctly different from any Italian ryegrass endemic to the field. Second, seeds 

could be identified by the exact location they were introduced into the experiment by 

their color. Third, they could easily be counted due to their vibrant, unnatural color. In 

2016, seeds were dyed yellow, red, blue, and green. In 2017, yellow was replaced with 

brown due to the difficulty of identifying seeds dyed yellow. Seed dyed yellow was very 

difficult to distinguish from native non-dyed seed, so the yellow seed were excluded from 

the results and yellow was not used in 2017.  

Chromatech seed dispersion colorants were used to dye the seed. Approximately 

30 ml of dye was added to 2 liters of water and applied to 9 kilograms of seed. The seed 

was mixed in a 0.07 cubic meter capacity cement mixer with a plastic drum. Seeds were 

summarily dried to avoid clumping and to bring them back to the previous weight. Once 

dry, each color was divided into twelve paper bags containing 454 grams of seed each. 

Plot Preparation 

 The objective was to measure the linear travel of the weed seed in the combine 

while the combine is harvesting. Thus, the maximum linear distance available was used 

for the experiment, resulting in plots that were 218 meters long. Starting at 6 meters 

wheat was removed every 11 meters to accommodate a 0.74 square meter collection pan. 

Twelve paper bags containing 454 grams of a single color of dyed seed were attached to 

the heads of wheat extending in a row perpendicular to the combines direction of travel 

from approximately 0.5 to 3 meters on either side of the first pan.  
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Harvest and Data Collection 

 The plots were harvested using a John Deere 7700 combine equipped with a 6.7-

meter-wide header and the speed of the machine was 3.0 kilometers per hour. The 

combine was driven to straddle the collection pans and collect a 0.74 square meter 

sample. A pan was laid at 6 meters and every 11 meters thereafter. A new color was 

introduced every 218 meters. Before the introduction of each color, the combine was 

stopped and shut down while the bags of seed were prepared, and the collection pans 

placed. Since the colors were distinctly different it was not necessary to clean the 

combine between each color, allowing observations of the previous colors to be made 

during passes with a subsequent color at a distance of up to 873m (Figure 1). Following 

each pass, straw was carefully lifted off the pan and the remaining sample was collected 

for later evaluation.  

 The samples collected from the pans were later sifted to remove as much chaff as 

possible without losing any seed. The remaining material was then sorted by hand and the 

number of seed of each color was recorded. If the number of seeds in a sample was over 

1000, the seeds were weighed, and the weight used to calculate an estimated number of 

seeds. 

Data Analysis 

 Exponential decay was modeled using the exponential decay equation  

Y=30.0e-0.003726X, where 30.0 is the number of seeds per meter squared at the initial point 

and -0.003726 is the slope of the observed point the model is based on. Observations 

from 300 to 654 meters were used. Observations from 0-300 meters were excluded 

because of the rapid reduction following the initial introduction of the seed. While this 
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initial decay is an important factor, including this data created a model that was not 

representative of the results beyond 300 meters. After 654 meters there were only one or 

two observations at each interval, so these data were also excluded from the model. These 

data do not seek to characterize the rate seeds are picked up by the combine, influenced 

by population density and seed shatter, seed fate, or unaided seed dispersal; these data 

only attempt to characterize the movement of the weed seed once it enters the combine 

during harvest. 

 

Chaff Collection, Seed Bank 

Year 1 (2012-2013).  

Italian ryegrass seed was distributed across the entire trial area on October 18, 

2012 and incorporated to a depth of approximately 4 inches to simulate an out of control 

population. Wheat was planted October 22, 2012, following Italian ryegrass 

incorporation. The treatments include an untreated plot, application of an herbicide, 

application of an herbicide plus chaff removal at harvest and chaff removal at harvest 

without herbicide application. The treatment, whether harvest method or herbicide was 

applied to the entire plot. The plots were 61x18 m. The application of the herbicide 

treatment was conducted December 5th when the wheat and Italian ryegrass were 

established. Propoxycarbazone was chosen for the herbicide treatment during years (1-3, 

6) wheat was the crop because it is expected to provide marginal control of Italian 

ryegrass which would be similar to a typical herbicide used for Italian ryegrass control to 

which herbicide resistance was developing. Sethoxydim was used at a 0.5X rate during 

the years that red clover was grown. Thus, annual ryegrass with no herbicide resistance 
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could be planted and we could achieve approximately 50-70% control thereby simulating 

the kind of control that might occur in a wheat field with resistant Italian ryegrass using 

the best herbicides available without contaminating the site with herbicide resistant seed. 

Collection of chaff was accomplished by Echo Bearcat debris loader capable of moving 

2500 cubic feet per minute which was mounted on a tractor and attached by a hose to a 

funnel on the back of a John Deere 7700 or 7720 combine. The mounting system and 

funnel were fabricated by GK Machine. This vacuumed the chaff as it exited the combine 

off the sieve and blows it into a wagon towed by a tractor. The chaff collection occurred 

during harvest, which was the first week of August 2013. Measurements during this year 

were Italian ryegrass population counts and yield data. Italian ryegrass counts were based 

on counts from randomly placed quadrats. The yield data is from the entire plot. These 

measurements only reflect the effect of the herbicide because the cultural weed 

management technique was not applied until harvest. 

Year 2 (2013-2014) 

In the second year, no additional Italian ryegrass was planted. Wheat was planted 

October 8, 2013. Italian ryegrass plants were counted before the year two herbicide 

application to quantify the effects of the treatments in year one. The herbicide treatment 

was applied February 26, 2014. Visual control ratings were conducted in the spring 

following the herbicide application. During harvest, chaff was collected in the 

appropriate treatments and yield was quantified for all treatments. Harvest was conducted 

during the last week of July. Differences in yield between treatments provide a good 

representation of the level of competition between wheat and Italian ryegrass.  

Year 3 (2014-2015) 
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The third year proceeded in the same manner as the second. Propoxycarbazone 

was applied on March 3, 2015.  

Years 4 and 5 (2015-2017) 

Following the third harvest the trial was planted to red clover grown for seed and 

harvested in the fourth and fifth year. Red clover grown for seed is a commonly used as a 

rotational crop in wheat production in the Willamette Valley. Red clover grown for seed 

is a perennial crop and growers typically get two harvests before the field is replanted to 

another crop. Red clover seed fields are mowed in May or early-June to improve seed set. 

Harvest is conducted by first swathing, typically mid-August, and the crop is allowed to 

dry in windrows for 5-10 days. During these two years of the experiment sethoxydim was 

applied at 0.5X the label rate each year to continue the simulation of some level of 

resistance. At maturity, the plots were swathed and harvested. Chaff collection continued 

in the corresponding plots. Italian ryegrass populations were counted, and seed yield 

quantified each year red clover was grown. 

Year 6 (2017-2018)  

A final year of wheat was planted and managed as in previous years.  Italian 

ryegrass populations and wheat yield were quantified. Following harvest, the ground was 

tilled, and emerging Italian ryegrass seedlings were counted. 

Data Analysis 

 This study was a randomized complete block design. The treatments were 

compared for each year separately. Analysis of variance (ANOVA) was conducted on 

crop yield and emerging seedling density. Means were separated using a 5% significance 

level (Student-Newman-Keuls). 



25 
 

 

Chaff Collection, Seed Distribution 

The previous trial focused on the removal of chaff for the reduction of reduction 

of an Italian ryegrass population, while this trial focused on the prevention of the 

movement of Italian ryegrass seed from a new point of infestation. This trial was 

established in 2014. An adjacent 7.2-acre field was planted with ‘Bobtail’ winter wheat. 

This trial was also maintained according to grower standards including fertilizer, 

fungicide applications and broadleaf herbicides and the plots were the same size as the 

former study. To accomplish this, a strip on one end of each plot was planted with Italian 

ryegrass. The strip of Italian ryegrass was planted in one pass across the width of the plot, 

two meters wide and three meters from the end of the plot. Harvest was conducted in one 

direction starting on the end where the annual ryegrass was planted. The treatments and 

crops rotations were the same for this trial as the previous.  

Yield data was recorded each year, and prior to harvest in the final year the 

distribution of Italian ryegrass was recorded. The distribution of Italian ryegrass was 

recorded by counting along a transect every 0.6 meters and counting plants on either side 

of the transect in 0.3 meters in either direction. One person counted from each outside 

edge to the center. The number of plants on either side of the center were counted from 0-

10, or if over ten due to the impracticality of counting numerous and merging plants were 

recorded as 11. With plants being planted in a strip at one end of the plot and harvest 

occurring in the same direction each year, these counts give an indication of movement of 

Italian ryegrass seed during the experiment. Tillage was conducted with the objective of 

moving as little soil as possible to reduce seed movement in the soil.  
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Data Analysis 

 This study was a randomized complete block design. Analysis of variance 

(ANOVA) was conducted on crop yield and emerging seedling density. Means were 

separated using a 5% significance level (Student-Newman-Kuels). 

 

Italian Ryegrass Seed Retention 

 In 2020, Italian ryegrass shatter was estimated by counting seeds in ten seed heads 

each week for nine weeks from June 23 to August 18. This timing was selected to 

represent the time from when Italian ryegrass has nearly reached maturity, but not started 

to shatter up until the time wheat harvest generally concludes. The average number of 

seeds per head over time provided an estimate of the proportion of seed that has shattered 

over time. These estimates provide context to the results of the other experiments.  

 

Chapter 4  

Results 

Seed Transport Experiment 

Given a chaff row of 1.2 meters in width, pans every 11 meters, and a pan size of 

0.74 square meters; the maximum recovery rate for this experiment was approximately 

5.6% (Table 1). Of all the seeds entering the combine 0.89% were recovered, which is 

16% of the maximum recovery rate and represents the proportion discharged from the 

combine. This means that approximately 84% of the seeds were retained in the combine; 

primarily in the grain tank, though a considerable amount likely remained inside the 

machine or was clinging to the outside or in the header. Though the number of pans 
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varied by color due to the sequential nature of passes, there was no correlation between 

the number of pans and the percent recovery (Table 2). This is not surprising due to the 

high rate of initial discharge and the resulting disproportionate contribution to the total by 

the first few pans. 

The first two pans, at 6 and 17m, following introduction into the combine, 

accounted for over 70% of the seeds that were recovered during the experiment (Figure 

2). Pans from 302m to the end of the experiment at 873m collected a total of 0.52% of the 

seeds recovered during the experiment (Figure 3). Seeds were still collected at a steady 

rate averaging 4.2 seeds/m during the last 100m of the experiment (Figure 3). The 

exponential decay model of seed deposition based on 300-650 meters shows a rate of 

deposition of over four seeds per ha in the chaff row following 3000m of harvest distance 

(Table 3). 

 

Chaff Collection, Seed Bank 

Italian ryegrass density 

Italian ryegrass population densities varied by year and treatment (Table 2). In 

2013, 2018, and 2019 there was no difference in the Italian ryegrass populations (at p-

value 0.05). In 2014, the population densities in all three treated plots were lower than in 

the untreated plots, though there was no difference among the treatments. In 2015, chaff 

collection alone did not significantly reduce Italian ryegrass populations. The herbicide 

alone and herbicide plus chaff collection did significantly reduce Italian ryegrass 

populations as compared to the untreated check. The herbicide plus chaff collection also 

was significantly lower than chaff collection alone. In 2016, the herbicide treatment and 
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herbicide plus chaff collection were lower than the untreated check, but not different 

from each other. Chaff collection alone did not significantly differ from any of the other 

treatments. The 2017, populations were highly variable within the treatments, thus large 

numerical differences did not result in significant differences. Herbicide alone was lower 

than the untreated, but herbicide plus chaff collection did not result in a statistically 

significant reduction compared to the untreated. 

From 2013 to 2017, there was a 32-fold increase in Italian ryegrass density. In 

2018 following two years of clover seed production, no Italian ryegrass plants were 

recorded in the in the trial area. This is presumably because of the different management 

employed during clover seed production, such as spring mowing, which may have 

interfered with Italian ryegrass seed production. In 2019 following a year of wheat, 

Italian ryegrass was observed again in the plots, but at levels approximately seven-fold 

lower than the initial population in 2013. 

Winter wheat and red clover seed yield 

Because no treatments were applied that would affect the yield of wheat or red 

clover directly, differences in yield are primarily the effect of differences in competition 

between the crop and Italian ryegrass. In 2013 and 2014, both treatments including an 

herbicide yielded more wheat than either the untreated or chaff collection alone treatment 

(at p-value 0.05) (Table 3). In 2015, wheat yield was greater in the herbicide plus chaff 

collection plot than in any other plots. Chaff collection alone did not produce 

significantly more yield than the untreated. From 2016 to 2018 red clover and wheat 

yield did not differ among the plots. 
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Chaff Collection, Seed Distribution 

Italian ryegrass density 

 There was a significant treatment by distance grouping interaction (p = 0.0014). 

In all treatments there was a reduction in the population of Italian ryegrass moving away 

from the initial point of infestation except for the herbicide plus chaff collection 

treatment (Figure 4). In the herbicide plus chaff collection plots, three of the four 

replications had 0-4 plants in the entire plot, however in one of the replicates of the 

herbicide plus chaff collection plots there were 183 plants counted. Additionally, in this 

plot the population increased as the distance from the initial source increased, which is 

the opposite of every other plot containing Italian ryegrass. This population pattern 

suggests a source different than the one planted experimentally.  

 From the beginning of the plot up to 34 meters from the initial infestation point, 

ryegrass density in the herbicide plus chaff collection plots was significantly lower than 

the untreated plots (at p-value 0.05) (Table 5). Chaff collection alone had no influence on 

ryegrass density at any distance from the initial source, and the herbicide only treatment 

was statistically lower than the untreated in only the first two distance groups. In each 

distance groups beyond 34 meters there was no statistical difference between the plots. 

Winter wheat and red clover seed yield 

 Winter wheat yield did not vary significantly (at p-value 0.05) between treatments 

during 2015 or 2016 (Table 4). In 2017, winter wheat yield was greatest in the chaff 

collection treatment and significantly greater than ‘herbicide alone’ or ‘herbicide plus 

chaff collection’ treatments. These results are unexpected since the plots were managed 

the same except for these treatments, and more weed control would be expected to 
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improve yield. In 2017, the plots had patchy take all disease. Though the distribution of 

take-all was not recorded, it is plausible that the disease affected some areas greater than 

others and led to the differences in yield. In 2018 and 2019, red clover seed yield was 

equivalent in all treatments. In 2020, wheat yield was significantly higher in the chaff 

collection plus herbicide plot. The herbicide alone or chaff collection alone was 

equivalent to the untreated and chaff collection plus herbicide plots. 

 

Italian Ryegrass Seed Retention 

 On June 23, 2020, each Italian ryegrass head had an average of 229 seeds (Figure 

6). Over the next four weeks there was progressively less seed retained in the seed heads 

each week when counts were made. From July 14, 2020, until the last counts were made 

on August 18, 2020, counts were fairly steady at 42% (+/- 5%) of the initial count. 

Winter wheat in western Oregon reached harvest moisture around mid-July in 2020, 

coinciding with the date that seed shatter leveled off. Though this is not a robust data set, 

this data suggests that approximately 40% of Italian ryegrass seed remain throughout 

wheat harvest. 
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Figure 1. The order and manner of plot harvest in the seed transport experiement. A 
continous 218 meter strip was harvested after the introduction of each new color. After 
each strip the combine was stopped and a new color was introduced. The total distance 
harvested was 873 meters. The order havest was conducted in 2017 is shown here as an 
example.  
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Figure 2. Deposition of Italian ryegrass seeds discharged from the combine in 
the seed transport experiment. The number of seeds per square meter deposited 
in the collection pans are shown here. These data represent points from 0-870 
meters from the point of introduction in 2016 and 2017. 16 Bl = 2016 Blue, 16 
R =2016 Red, 16 G = 2016 Green, 17 Br = 2017 Brown, 17 R = 2017 Red, 17 
Bl = 2017 Blue, 17 G = 2017 Green. 
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Figure 3. Deposition of Italian ryegrass seeds discharged from the combine in 
the seed transport experiment. The number of seeds per square meter deposited 
in the collection pans are shown here. These data represent points from 300-870 
meters from the point of introduction in 2016 and 2017. Data from introduction 
to 300 meters are excluded to show the detail of the later portion of the 
experiment as the numbers decrease. 16 Bl = 2016 Blue, 16 R =2016 Red, 17 Br 
= 2017 Brown, 17 R = 2017 Red, 17 Bl = 2017 Blue. 
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Figure 4. The number of Italian ryegrass plants per square meter by distance 
from initial source in the chaff collection, seed distribution study. UT = 
untreated, HERB = herbicide treatment, HERB+CC = herbicide plus chaff 
collection, and CC = chaff collection. 
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Figure 5. Square root transformed Italian ryegrass density in each treatment 
separated into ten groups by distance from the initial infestation. Means within a 
distance group followed by the same letter do not significantly differ (at p-value 
0.05). N=4 
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Figure 6. The average number of Italian ryegrass seeds retained on ten heads 
over time in 2020 (SE, N=10). These data give a rough estimate of 40% of seed 
remaining at the initiation of winter wheat harvest and that the number of seeds 
per head remains fairly stable for several weeks into harvest. The start of wheat 
harvest in 2020 was approximately 7/21/2020.  
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Table 1. Model of seed deposition during harvest in the seed transport 
experiment based on 300-650 meters, Y=30.0e-0.003726X, R2=0.365, N=5 
 

Meters 
Traveled Seeds/ha 

1000 7270 
1500 1131 
2000 176 
2500 27 
3000 4.27 
3500 0.66 
4000 0.10 
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Table 2. The effect of herbicide application and chaff collection on crop yield chaff collection, seed bank study. Means within 
a year followed by the same letter do not significantly differ (at p-value 0.05). 
  

    Italian ryegrass 
  Rate 2013 2014 2015 2016 2017 2018 2019 

 g ai/ha plants/m2 
untreated  110 - 211 a 733 a 291 a 3568 ab 0 - 15 - 
propoxycarbazone 31.4 98 - 105 b 570 bc 209 b 1001 c 0 - 8 - 
     OR sethoxydim 314.0               
propoxycarbazone 31.4 83 - 76 b 436 c 173 b 1386 bc 0 - 9 - 
     OR sethoxydim 314.0               
     + chaff collection                
chaff collection   106 - 88 b 635 ab 220 ab 4311 a 0 - 12 - 
LSD P=0.05  26 58 159 70 2443 - 9 

 

Table 3. Crop yield by year in the seed bank study. Means within a year followed by the same letter do not significantly differ 
(at p-value 0.05). 
 

    -------------------winter wheat------------------- -----red clover seed----- winter wheat 
 Treatment Rate 2013 2014 2015 2016 2017 2018 

 lb ai/a -----------------------------------------------------------kg/ha---------------------------------------------------------- 
untreated  1762 b 3753 b 1385 c 487 - 745 - 8864 - 
propoxycarbazone 31.4 3517 a 6053 a 2582 b 493 - 617 - 8938 - 
     OR sethoxydim 314.0             
propoxycarbazone 31.4 3571 a 6456 a 3410 a 657 - 573 - 8770 - 
     OR sethoxydim 314.0             
     + chaff collection              
chaff collection   1823 b 4143 b 1412 c 551 - 625 - 9032 - 
LSD P=0.05  383 565 756 406 199 806 
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Table 4. Crop yield by year in the seed distribution study. Means within a year followed by the same letter do not significantly 
differ (at p-value 0.05). 
 

    ------------------winter wheat------------------- ----red clover seed---- winter wheat 
 Treatment Rate 2015 2016 2017 2018 2019 2020 

 g ai/ha -------------------------------------------------------kg/ha------------------------------------------------------- 
untreated  7373 - 5881 - 5787 ab 724 - 445 - 7218 b 
propoxycarbazone 31.4 7118 - 5948 - 5343 b 668 - 310 - 8307 ab 
     + sethoxydim 314.0             
propoxycarbazone 31.4 7313 - 5800 - 5303 b 610 - 395 - 8657 a 
     OR sethoxydim 341.0             
     + chaff collection              
chaff collection   7185 - 5592 - 6083 a 597 - 524 - 7548 ab 
LSD P=0.05  810 513 721 141 276 1340 
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Chapter 5 

Discussion 

Weed flow through combines 

The flow of material through a combine is much less like a conveyor belt and 

much more like a turbulent mountain stream, with eddies and backwaters where the rate 

of flow is greatly reduced, or material is temporarily stalled. Cousens and Mortimer 

(1995) suggested two ‘populations’ of seed traveling through a combine; one which 

travels quickly and is dispersed within several meters of its origin and another which 

becomes lodged or accumulates within the combine and is dispersed in an exponential 

decay manner. The data from this experiment support that model of weed seed flow in the 

combine. When modeling numerous factors, Woolcock and Cousens (2000) indicated 

that good estimates of dispersal are needed to predict the rate of spread. Italian ryegrass 

seeds in this study were observed up to 862 meters from the starting point. Presumably, if 

the experiment had been carried to a greater distance additional seeds would have been 

observed beyond 862 meters.  

Weed management implications 

Weeds in isolated patches and weeds that are widespread across a field require 

different management approaches. For many species, including Italian ryegrass, natural 

dispersal is limited to short distances. Dispersal by tillage is generally limited and is not 

substantially greater than dispersal by seed shatter (Barroso et al. 2006 and Rew and 

Cussans 1997). There may be several methods to effectively prevent weed seeds in the 

chaff from infesting a field, including windrow burning, chaff carts, seed destruction, 
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direct baling, and others (for example: Lyon et al. 2016; Shirtliffe and Entz 2005; Walsh 

et al. 2017). Even with a seven-fold reduction in the number of wild oat seeds discharged 

from the combine, Shirtliffe and Entz (2005) reported that there were more wild oat seeds 

in the chaff row than outside the chaff row. These results suggest that improvement in 

historical chaff collection methods would improve the efficacy of chaff collection as a 

weed management tool. 

Weed seeds are often moved between fields (Donald and Ogg, 1991, Horne 

1953). Seeds moved by combines between fields would be either inside the machine in 

some part of the internal threshing mechanism or on the exterior of the machine. Since it 

is significantly easier to clean the exterior of a combine than the internal components, 

harvest weed seed management techniques could play an important role in reducing inter-

field transport of weed seeds, in addition to intra-field transport. 

HWSC and population density 

The results of these studies suggest that a field with a high population of Italian 

ryegrass distributed throughout the field is not as likely to significantly benefit from 

HWSC as a field were herbicide resistance is developing or a new infestation is moving 

in in a patchy manner. In the situations evaluated in these studies, HWSC is most likely 

to be effective when viewed as a preventative measure. The use of HWSC to prevent the 

spread of infestations newly exhibiting herbicide resistance or of weed species that are 

new to a field could have a significant benefit in preventing the establishment of new 

problem species or new herbicide resistance traits. One challenge in implementing these 

strategies is that they are mostly likely to be effective before a weed problem reaches 
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detectible levels. As the need becomes more apparent, this type of strategy becomes less 

effective.  

Herbicide resistance 

Herbicide resistance is important to consider in the context of weed seed 

movement, since weeds resistant to herbicides are more likely to be present during 

harvest than those that are susceptible and were controlled prior to harvest. Italian 

ryegrass has developed resistance to at least six different herbicide modes of action in the 

United States (Heap 2020). In western Oregon, there is documented resistance to 

herbicides from seven modes of action representing nearly all herbicides that control 

Italian ryegrass, with the notable exception of pyroxasulfone (Bobadilla et al 2018, Kunjo 

1992). History suggests that Italian ryegrass resistance to pyroxasulfone is all but 

inevitable. This situation underscores the importance of this data. In a field where 

pyroxasulfone resistance develops, the plants will mature and produce seed and a 

combine has the capacity to move some portion of those seed great distances, facilitating 

the rapid spread across a field. If implemented, methods such as those listed previously in 

this paper, could mitigate the spread of herbicide resistant weeds. 

Italian ryegrass competition can reduce wheat yields well below economically 

viable thresholds, has a history of repeatedly developing resistance to new herbicide 

modes of action, and little ability of seed to move on their own. This data demonstrates 

that combines can greatly facilitate the movement of Italian ryegrass seeds and results 

underscore the value of harvest weed seed control as a preventive measure in slowing the 

spread of herbicide resistance weeds, such as Italian ryegrass. 
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These data provide some insight into the effect combines have on the spread of 

Italian ryegrass in wheat and what effect chaff collection might have in reducing that 

spread. There are numerous other weeds that are spread by combines in other crops. In 

perennial grasses grown for seed, which are the dominant cropping system in the region 

where this study was conducted, grass weed seeds and volunteer crop are significant 

issues. Volunteer crop and grass weeds germinate between the crop rows and compete for 

resources and contaminate seed lots. These weeds and volunteer plants are found 

concentrated in the chaff rows left by combines during harvest. HWSC has the potential 

to offer significant gains in the battle against contaminating seeds from grass weeds, 

including grass weeds resistant to herbicides, and volunteer crop. Evaluation of HWSC in 

grass grown for seed could demonstrate whether these systems have value in that 

regionally important crop. There is also a growing number of HWSC methods that have 

not been evaluated herein. Additional research involving difference combines, HWSC 

methods, crops, and weeds would greatly expand the understanding of the interactions 

between weeds seeds, crop harvest, and machinery.  
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