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Statement Of Issues And Justification: 
 
The economics of farming continues to be one of the major agricultural problems in the U.S. One 
important component of the solution is to increase profitability by crop improvement through 
plant breeding. Improved forage cultivars provide economic opportunities for livestock and crop 
farming operations and promote a more stable, sustainable agriculture. Farmers benefit by 
greater animal product per unit of land or forage produced, and the consumer benefits by 
maintenance of low cost food. Improved seed production capacity also ensures a satisfactory 
product for seed producers and a low seed price to the forage grower. All Americans benefit as 
genetic improvement is the least costly and most stable way to maintain international agricultural 
competitiveness, decrease the amount of land lost to agricultural production, and protect the 
environment by decreasing the use of pesticides, herbicides, and fertilizers.  
 
Multistate cooperative research by NE-144 impacts directly upon all five national goals of the 
“Agricultural Research, Extension, and Education Reform Act of 1998.”  These goals are: (1) an 
agricultural system that is highly competitive in the global economy, (2) a safe and secure food 
and fiber system, (3) a healthy, well-nourished population, (4) an agricultural system which 
protects natural resources and the environment, and (5) enhanced economic opportunity and 
quality of life for Americans.  What follows is a description of the problems, the general role of 
forage species in helping to solve these problems, and the specific role of forage breeders in 
researching these problem areas. 
 
Forage crops constitute the foundation of livestock and dairy enterprises in the U.S. and Canada 
while also serving vital environmental functions. In order for livestock farms to be profitable, for 
environmental goals of reduced pollution and sustainability to be met, and for consumers to have 
meat and milk products available at low prices, forage cultivars with improved persistence, 
quality, and productivity need to be developed. As budget reductions have resulted in fewer 
forage breeding positions, the need for cooperative research to develop germplasm and cultivars 
with new traits is essential. The paucity of forage breeding belies the value of forage crops: 
measured solely as the value of hay, forages rank 4th behind corn, soybean, and wheat in cash 
receipts among all U.S. field crops. Yet, the combined number of scientist-years (SY) devoted to 
forage breeding at all state agriculture experiment stations is fewer than one for each species, 
with the exception of alfalfa, which had 15 SY's in 1994. For comparison, corn, soybean, and 
wheat had 32, 45, and 65 SY's respectively. Furthermore, half of all US plant breeding efforts, 
public and private, are devoted to corn, soybean, cotton, and wheat. Among all forage crops, 
only a few (alfalfa, perennial ryegrass) receive any investment from private breeding companies. 
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Those companies are disappointed that public institutions do not devote enough research on new 
traits and on forage species that companies do not breed.  
 
Furthermore, all perennial forage species must be broadly adapted to market the volume of seed 
required to justify its production and marketing. Evaluation of genotypes, germplasm, and new 
cultivars must be done at multiple locations. A system currently is in place to accomplish this 
extensive evaluation among NE-144 cooperators. In addition, molecular marker systems have 
shown their potential usefulness for forage improvement, but prohibitive costs prevent all 
breeders from having laboratory facilities. The current NE-144 committee fosters the interactions 
necessary to accomplish more breeding with diminishing resources without unnecessary 
duplication of breeding efforts. Thus, enhancing our knowledge of forage crop breeding and 
genetics and developing improved germplasm and cultivars can only be done through 
collaboration among public scientists. 
 
Plant breeders can improve pest resistance, persistence, and quality of forage crops without 
reducing forage yield potential (Anderson et al., 1988; Eichorn et al., 1986). These 
improvements can be made without passing increased seed costs to the farmer and without the 
need for increased management or input costs (Vogel et al., 1981). Thus, the farmer benefits by 
producing more animal product per unit of land or forage, and the consumer benefits through low 
cost food. Improved seed production capacity, or even maintenance at accepted levels, also 
ensures a satisfactory profit for seed producers and an acceptable seed price to forage growers. 
 
The cooperative research with new traits, breeding methodologies, and molecular markers 
ultimately will result in new germplasms and cultivars that will enhance more economical 
production of forages and production of livestock products. Therefore, we will help foster a more 
diversified agricultural system that relies less on commodity grain production and improves 
agricultural sustainability. 
 
Agriculture is the largest nonpoint source of water pollution in the U.S., accounting for 50% of 
all water pollution (Chesters and Schierow, 1985; Myers et al., 1985).  Agricultural runoff carries 
nutrients, pesticides, and sediment into surface waters.  Approximately 20% of U.S. cropland is 
subject to serious damage by erosion (Clark et al., 1985; USDA, 1987). Perennial forage crops 
are the most effective source of cropland vegetation in reducing water runoff and topsoil removal 
(Reganold et al., 1987; Wadleigh et al., 1974; Wischmeier and Smith, 1978).  Their high level of 
ground cover and extensive root systems reduce soil erosion, increase water percolation, and 
reduce nutrient loading of both surface and ground water.  Their perenniality also reduces the 
frequency of heavy tillage operations required in crop rotations.  Reducing frequency of tillage 
reduces runoff and pesticide loading of surface waters (Glenn and Angle, 1987).  In addition, 
tilled fields without cover crops are more susceptible to erosion and leaching of applied 
chemicals than are fields with a high level of ground cover (Hoyt and Hargrove, 1986; Reganold 
et al., 1987).  A reduction in the use of forage crops has made control of soil erosion difficult in 
some regions (NRC, 1989). 
 
Legume-based crop rotations can sustain high levels of grain production without the use of 
nitrogen fertilizer (Power, 1987).  Legume cultivars with greater persistence, N2 fixing ability, 
disease and insect resistance, and greater resistance to environmental stresses will be extremely 
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useful in the development and implementation of environmentally sound crop production 
systems. 
 
Changes in crop production strategies toward reduced nitrogen fertilization and greater use of 
forage mixtures, will require changes in breeding strategies for continued development of 
improved cultivars and germplasm.  Development of superior perennial grass cultivars for use in 
low applied nitrogen crop production systems will require breeding efforts under similar 
conditions.  In perennial grasses, cultivars with the highest yield and quality under high nitrogen 
rates are not always the cultivars with the best performance under low nitrogen rates (Vose, 
1963).  Different nitrogen levels can also cause different genotypes to be selected from breeding 
nurseries.  Grasses adapted to use in grass-legume mixtures may be more productive and stable 
than in monocultures (Chamblee and Collins, 1988) and have fewer weed problems (Drolsom 
and Smith, 1976).  Breeding and testing under monoculture conditions does not allow selection 
of genotypes or cultivars with maximum performance in mixtures (Casler and Drolsom, 1984). 
 
Cool-season forage species are extremely versatile with broad collective adaptation to virtually 
any cultivated lands in the northern U.S. and Canada.  Therefore, they are often relegated to 
poorer soils and sites less conducive to row-crop production, such as waterlogged soils, hard 
pans, droughty sites, etc.  Species such as alfalfa are highly productive on good soils but have 
severe production problems on heavy, wet, or acid soils.  Other forage species are well adapted 
to each of these conditions and provide excellent alternatives under those circumstances.  In 
addition, selection procedures can be used to genetically modify species for adaptation to 
stressful soil conditions (Charles, 1972; Snaydon, 1978).  Breeding cool-season forage crops for 
resistance or tolerance to various environmental and biological stresses is an important 
component of research designed to maximize the efficiency of animal production on various 
types of marginal lands. Unfortunately, little support for these breeding programs exists outside 
of publicly funded institutions. 
 
The use of pastures is widely practiced in the northern U.S. and Canada.  It is an alternative 
means of producing high quality feed without the need for input costs associated with harvesting, 
processing, and storing cured feeds.  Technological advances of the mid-20th century and the 
results of dairy production experiments (Larsen and Johannes, 1965) led to the widespread 
practice of hay and silage production from forage crops.  Forage breeders, in their attempts to 
provide the best products for accepted management systems, followed this trend.  Forage crop 
cultivars well adapted to hay and silage management systems tend to be more upright in growth 
habit, less densely-tillering, and earlier in maturity than those adapted to pasture systems 
(Stapledon, 1928).  Consequently, cool-season forage crop cultivars are relatively unadapted to 
the frequent, intensive, rotational grazing systems (Voisin, 1988) now being adopted by many 
farmers. 
 
Collaborative regional research is an essential component of an effective North American forage 
breeding research and cultivar development system.  Forage breeders are trained at widely 
divergent institutions, which have differing specialties, resources, and philosophies.  Most 
breeders have a secondary area of specialization, typically plant pathology, entomology, plant 
physiology, biometry, quantitative genetics, molecular genetics, or cytogenetics.  Collaboration 
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on specific shared objectives is an efficient means of combining resources and expertise into 
important researchable objectives.   
 
Forage breeding programs are unique in that nearly all forage breeding/genetics project leaders 
conduct research on multiple species.  Although individual effort is small for some forage 
species, the cumulative impact from cooperative efforts among forage breeders is significant.  
Due to diversity among forage production environments and livestock production systems, 
farmers in any state or province collectively use a large number of species to meet their forage 
needs.  No single breeder can conduct a research/cultivar development program on all species of 
economic importance.  Furthermore, there are no public forage breeding programs in many 
important forage producing regions of the Northeast and Northcentral U.S., and few private 
companies actively breed perennial forages.  As a consequence of these factors, relatively little 
effort is placed on some species for which important researchable goals remain unmet. 
 
The members of the NE-144 Multistate Research Committee represent nearly all public efforts 
aimed at cool-season forage breeding in the humid, temperate portions of the U.S. and eastern 
Canada.  The exceptions are a few alfalfa breeders and geneticists.  Thus, research efforts 
described in this document do not represent duplication of any efforts underway in other 
institutions of the U.S. or Canada.  A recent search of the CRIS system has further verified the 
validity of this conclusion.   
 
Because of the long-term nature of research on perennial forage species, many of the 
collaborative efforts begun during the last NE-144 five-year period will continue into the next.  
In addition, completion of some efforts has led to new research projects that justify continued 
collaborative research in the proposed 15-year period. Furthermore, the high degree of 
collaboration among the NE-144 scientists will no doubt foster the initiation of additional 
collaborative efforts not yet envisioned. 
 
Funding for these collaborative efforts will be only partially covered through the NE-144 project. 
Scientists currently supplement these cooperative research efforts with funding from other 
sources, such as from seed industry, royalties from seed of cultivars, and various sources of 
public funding (state and federal) for molecular and other types of research. USDA and Ag 
Canada participants fund their efforts from federal sources as well as from competitive grants. In 
addition, we anticipate that NE-144 funding will serve as seed or matching funds leading to more 
opportunities for research funding from other sources, as it has in the past. 
 
Related, Current, And Previous Work: 
 
Formal forage breeding efforts began just over 100 years ago (Hays, 1892; Smith, 1948; 
Beddows, 1953).  Early cultivars were developed by intentional (Hays, 1892; Jenkin, 1943) or 
unintentional (Levy, 1932; Evans, 1937) selection for morphological or sexual reproductive 
traits.  Over the years, breeding became more sophisticated as more complex traits such as 
quality and resistances to biotic and abiotic stresses needed to be incorporated into cultivars. 
 
Alfalfa is considered by many ranchers to be a highly desirable component of semiarid pastures 
and rangelands (Lorenz, 1982; Ries, 1982).  Interseeding alfalfa into rangeland and depleted 
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pastures has been one approach to improve forage production and quality and animal 
performance (Lorenz, 1982).  Berdahl et al. (1989) demonstrated that alfalfa populations with a 
high proportion of M. sativa subsp. falcata parentage had much higher survival, DM yield, and 
vegetative spread than M. sativa subsp. varia seven years after interseeding into rangeland near 
Mandan, ND.  They also showed that populations of alfalfa that had persisted for over 50 years 
in association with rangeland grasses in western ND and SD survived grazing by sheep better 
than cultivars developed primarily for grazing in semiarid regions of the northern U.S. and 
southern Canada (Berdahl et al., 1986). Rumbaugh (1982) observed natural reseeding of alfalfa 
in 25-year-old pastures in southern UT, and more recently Smith (1999) described widespread 
recruitment of a population with predominantly falcata phenotypes on his ranch in northwestern 
SD.  The parentage of that population traces back to plant introductions of falcata brought to 
western SD by N.E. Hansen during the early 20th century (Rumbaugh, 1979; Smith, 1999). 
 
Lorenz (1982) suggested that introducing alfalfa to arid and semiarid rangelands was an efficient 
means of increasing animal output with a minimum input of fossil fuel energy.  He also pointed 
out that to do that successfully would require the development of new cultivars that would be 
adapted to long-term productivity and persistence in an introduced legume-native grassland 
complex.  Ries (1982) pointed out that for alfalfa to maintain itself in pastures or rangelands, it 
would have to have the capacity for recruitment since periodical reseeding would not be 
practical. 
 
Evaluation of breeding material at multiple locations throughout a geographic region is the best 
means to develop cultivars with wide adaptation.  Evaluation over a wide range of sites within or 
between regions is also useful in identifying the most appropriate sites for future tests (Barker et 
al., 1981).  Additionally, some environments may be more conducive to selection progress than 
others (Snaydon; 1978; Casler and Walgenbach, 1990).  However, many forage cultivars 
currently bred in Europe and North America are products of selection and breeding conducted at 
a narrow range of locations.  The ultimate release and recommendation of a cultivar are often 
based on the results of a regional testing program, but are also frequently based on educated 
guesses and extrapolation on the part of the breeder.  ‘Saratoga’ smooth bromegrass, perhaps the 
most broadly-adapted cultivar of this species based on high yield in many diverse environments 
(Casler and Ehlke, 1986) is a product of regional testing prior to synthesis and testing of the 
cultivar per se.    Without region-wide interaction among breeders, the coordination necessary to 
develop broadly adapted cultivars cannot occur. 
 
Germplasm collection and incorporation into breeding programs remains an important objective 
of most forage breeding programs (Breese and Tyler, 1986; Rumbaugh et al., 1988; Casler, 
1991).  Because forage breeding is a relatively young discipline, forage crops are generally not 
as domesticated as most cereal crops (Harlan, 1975).  Thus, collections of naturalized 
populations in many species have similar phenotypic characteristics as cultivated germplasm 
(Breese and Tyler, 1986; Rumbaugh et al., 1988; Casler, 1991).  Because introduced germplasm 
is adapted to very specific environments, in the case of natural collections (Snaydon, 1978; 
Rumbaugh et al., 1988), or diverse production environments and management systems, in the 
case of cultivated germplasm from other countries, identification of superior germplasm for use 
in breeding programs requires evaluation in a wide range of target environments.  Germplasm 
evaluations in a wide range of environments can be extremely useful in identifying the breadth of 
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adaptation of individual accessions as well as environmental factors responsible for differences 
in performance or adaptation (Snaydon, 1978). 
 
Genetic improvement of forage yield is extremely difficult and slow, due to low heritability and 
high genotype x environment interaction (GEI) (Barker and Kalton, 1989).  Thus, many breeders 
have developed new selection criteria for indirect forage yield improvement, e.g., leaf area 
expansion rate (LAER) in tall fescue (Sleper and Nelson, 1989), specific leaf weight in reed 
canarygrass (Carlson, 1990), and leaf blade length in perennial ryegrass (Rhodes, 1969). 
 
In addition to forage uses, perennial herbaceous crops can be grown for other reasons, such as 
biomass for energy.  Conversion of plant biomass to fuel, either through fermentation to ethanol 
(Lynd et al., 1991) or via direct burning to generate electricity (McLaughlin, 1993), has a 
number of desirable attributes, including a reduced dependence on foreign fossil fuels and 
stabilizing greenhouse gasses in the atmosphere through carbon and nitrogen cycling.  Other uses 
of these crops include paper pulp, hardboard for building construction, and pellets for use in 
home heating (Thons and Prufer, 1991; A. Teel, pers. comm.).  Unfortunately, little effort has 
been directed toward the genetic characterization and improvement of most grasses for these 
uses. 
 
The most promising cool-season grass for biofuel production is reed canarygrass.  Because the 
most important restriction on cropland use in the Midwest and Northeast, after erosion, is wet 
soils (USDA, 1987), reed canarygrass appears to be an ideal species.  Reed canarygrass grows 
extremely well in wet soils, even withstanding inundation for long periods (Carlson et al., 1996).  
Its wet soil tolerance often overshadows its excellent drought tolerance, which makes it relatively 
more productive in the summer relative to other cool-season species (Carlson et al., 1996).  
Biomass productivity of reed canarygrass exceeded that of switchgrass in northern OH (Wright, 
1988) and occasionally in southern IA (Anderson et al., 1991).  Numerous other studies also 
have indicated that reed canarygrass produces excellent yields of total biomass (e.g. Smith et al., 
1984; Cherney et al., 1986; Marten et al., 1980).   
 
Until recently, all breeding research on reed canarygrass have focused on forage traits--
palatability, seed retention, disease resistance, persistence, leafiness, etc. (Carlson et al., 1996).  
Maximum biomass per se is being evaluated on germplasm from the National Plant Germplasm 
System (Brummer et al., 2001). 
 
For successful pasture production, cultivars must be tested for grazing tolerance (Brummer and 
Moore, 2000).   The best method to select and evaluate for grazing tolerance is by directly using 
animals. Mechanical mowers have been used by some researchers, but they "select" passively, 
i.e., they harvest everything above the height at which they are set and do not contribute damage 
from hooves and mouths.  Animals, on the other hand, harvest selectively (Woledge et al., 1992). 
Cattle are less selective and less detrimental to white clover than are sheep (Evans et al., 1992) 
and rotational stocking is less harmful than continuous stocking (Sheath and Hodgson, 1989). 
Thus, it is possible to select the level of defoliation pressure by manipulating the animals and 
management used.  Bouton et al. (1991) showed that grazing-tolerant alfalfa cultivars could be 
selected by intense grazing by cattle.  Morphological and physiological traits are often radically 
different for high-performing pasture cultivars vs. high-performing hay-type cultivars 
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(Stapledon, 1928; Jenkin, 1943; Breese and Tyler, 1986).  Further studies showed that several 
morphological and physiological traits were associated with alfalfa grazing tolerance (Brummer 
and Bouton, 1991, 1992).  Further research on traits and selection methodology is needed for 
other species.  Regional collaboration will be an essential requirement for the evaluation and 
development of cultivars adapted to relatively new management systems, such as intensive, 
rotational grazing.  
 
Persistence of forage stands for more than 2 or 3 years is a major problem limiting use of several 
productive, high quality species, such as red clover (Smith and Kretschmer, 1989), birdsfoot 
trefoil (Miller et al., 1983), and several ryegrass species (Casler, 1988; Casler and Walgenbach, 
1990).  The ability of a plant or stand to persist for many years is governed by its resistance or 
tolerance to a multitude of stresses, both biotic and abiotic.  Sometimes, improvements in 
resistance or tolerance to one stress factor can result in significant improvement in stand 
longevity (see review by Smith and Kretschmer, 1989).  Persistence of some species has been 
improved by selection for survival in harsh environments (Casler, 1988; Consigli, 1991).  
However, more work needs to be conducted to determine the specific traits responsible for 
genetic improvement of persistence (Casler, 1988).  For some species and for some stresses, 
research is still required to identify appropriate selection criteria and methodologies. 
 
In the private forage breeding sector of the U.S., selection for increased disease resistance is a 
major component of alfalfa cultivar development programs, but very limited work on diseases is 
conducted on other forage crops (Brummer and Moutray, 1996).   In birdsfoot trefoil, Fusarium 
wilt has been implicated in stand losses in NY and MN (Gotlieb and Dorski, 1983; Murphy et al., 
1985; Tillapaugh, 1995; Ehlke and Samac, pers. comm). Although Hill and Zeiders (1987) 
improved resistance to Fusarium wilt in a birdsfoot trefoil population, no resistant cultivars have 
been released until recently when ‘Pardee’ trefoil was released as a result of NE-144 research.  
Mycoleptodiscus terrestris, first identified by Gerdemann (1953), has been isolated from forage 
legumes in MO (Pettit et al., 1966, 1969), eastern USA (Carroll and Whittington, 1991), and WI 
(C.R. Grau and R R. Smith, pers. comm., 1994).  The root-lesion nematode (Pratylenchus 
penetrans) causes serious damage to birdsfoot trefoil in Nova Scotia and other regions of North 
America (Willis et al., 1976).  Papadopoulos et al. (1994) demonstrated significant variability 
among trefoil populations for resistance.  A host of disease problems exist on the forage grasses 
as well (Braverman, 1986).  In order to adequately develop widely adapted cultivars of forages 
that incorporate resistances to a range of pathogens, collaboration among public sector 
researchers is clearly needed. 
 
Lack of winterhardiness is a particular problem in the northcentral United States and Canada.  If 
the cultivated germplasm of a given species does not have sufficient cold tolerance or 
winterhardiness, wild or unimproved germplasm often does.  Medicago sativa subsp. falcata, 
yellow-flowered alfalfa from Siberia, and Russian collections of orchardgrass are sources of 
winterhardiness for these species (Barnes et al., 1972; Kalton, pers. comm.).  Because selection 
for cold hardiness requires harsh winters, the intensity of selection will vary year to year at any 
location.  For material from areas where cold winters are not common, selecting in more 
northerly areas may result in greater gains in winterhardiness. 
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Ideas relating to improved forage quality have changed as animal nutritionists have learned more 
about the complexities of nutrition.  Protein is considered one of the major contributions of most 
legumes to animal nutrition if the forage is managed and stored correctly.  Protein concentration 
is highly heritable and can be improved readily by breeding (Clements, 1969; Phillips et al., 
1982; Coors et al., 1986).  Perhaps a more important objective is to alter the proteins in forage 
legumes to make them more resistant to rumenal degradation (i.e., increasing ‘bypass protein’) 
so that nitrogen is less likely to be lost as ammonia (Broderick and Buxton, 1991). Skinner et al. 
(1994) found variability among alfalfa germplasm sources for protein degradability.  
Alternatively, plant protein utilization could by improved by increasing the amount of rapidly 
degraded carbohydrate in the forage so that energy would not be limiting to rumen microbes 
(Stokes et al., 1991a, b).  Pectic polysaccharides represent a potential source of rapidly degraded 
carbohydrates (Gradel and Dehority, 1972; Van Soest, 1982, 1995), and a significant portion of 
the total structural polysaccharides in forage legume cell walls are pectic materials (Titgemeyer 
et al., 1991; Hatfield, 1992).  Hatfield and Smith (1995) measured the concentration of 
uronosyls, pectic sugars and pectin in leaf and stem walls of alfalfa, red clover, and birdsfoot 
trefoil and found significant differences among and within species.  Another means to increase 
available carbohydrates is to increase digestibility of fiber by breeding for higher ratio of 
digestible to indigestible fiber.  Higher fiber digestibility could maintain total fiber concentration 
while increasing the availability of carbohydrates in forage. Jung (1996) reported that just small 
shifts toward more digestible fiber in alfalfa resulted in significant increases in milk production 
by dairy cows. 
 
Breeding for improved forage quality (small changes in digestibility) in three grass species had a 
significant positive impact on animal performance and consequently economic returns (Eichhorn 
et al., 1986; Anderson et al., 1988, Moore et al., 1995). Continued research on divergent 
selection for forage quality traits in other species, followed by laboratory evaluation and animal 
performance trials, will be necessary to confirm the animal response to increased forage quality.  
Buxton and Casler (1993) and Rhodes (1985) concluded there is evidence that lignin and 
associated phenolics are involved in providing plant resistance to diseases, insects, cold 
temperatures, and other environmental stresses in various plant species. However, in smooth 
bromegrass and switchgrass, increased digestibility did not result in changes in forage yield or 
lodging potential (Vogel et al., 1981; Casler and Ehlke, 1986), despite large reductions in lignin 
concentration for smooth bromegrass. Fonseca et al. (1999b) found no significant correlations 
between disease resistances and quality constituents, including lignin concentration, in alfalfa. 
Further research into the structural and nonstructural roles of lignin is warranted.  Although 
increased disease resistance increases forage quality in the presence of the pathogen (Catherall, 
1987; Karn et al., 1989), the effects of genetically improved forage quality on pest resistance and 
stress tolerance are not clearly delineated. 
 
The concept of progeny testing as a selection tool in forage crop breeding has been in existence 
since the 1890s (Frandsen, 1991).  It was refined and put to use by considerable research at 
numerous breeding stations during the 1950s (see review by Hanson and Carnahan, 1956).  Both 
polycross and testcross procedures have been proposed and compared, on a theoretical basis, 
with phenotypic selection, which is selection based on individual plant performance per se 
(Empig et al., 1972; Hill and Haag, 1974).  Although empirical comparisons have been made 
among selection methods for disease resistance in alfalfa (Haag and Hill, 1974; Hill and Leath, 
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1979), they have not been made for other traits or of other species.  Contrary to expectations for 
traits controlled by some dominant genes, high-performance testers did not differ from low-
performance in empirical evaluations of the testcross procedure (Voigt, 1968; Frandsen, 1991).  
Further research is needed to define the limitations and practical uses of both phenotypic and 
progeny test selection methods.  We also need to use both existing theory and empirical selection 
studies to improve the efficiency of breeding systems, thereby increasing the rate of genetic 
progress. 
 
Improved performance by selection within inbred lines has been demonstrated several times in 
alfalfa.  Hybrids or synthetics derived from inbred lines were found to out yield hybrids or 
synthetics of the respective noninbred parents (Hill, 1975; Rotili and Zannone, 1974; Rotili, 
1976).  Evidence has been reported that the most efficient way to improve quality of the genes 
and linkats is the use of selfing assisted by selection (Rotili et al. 1996) and the optimum point of 
efficacy seems to occur in the second generation of selfing (Rotili, 1992).  Pfeiffer and Bingham  
(1983) reported improvement by selection during inbreeding in tetraploid alfalfa populations.   
Their best explanation for the genetic improvement was recombination that permitted 
accumulation of alleles with favourable additive effects over several sexual generations of 
selection. Early work in the US and Italy indicated that one or two generations of selfing prior to 
selection improved gain.  
 
In the past decade, molecular markers have become widely used for genetic mapping and 
breeding methodology studies of agronomic crops (Phillips and Vasil, 2001).  Molecular marker 
work on forages has been scattered among numerous species with little in-depth work on any 
species other than alfalfa and tall fescue (Phillips and Vasil, 2001; Casler et al. 1996).  Molecular 
markers could be used to augment breeding efforts in two ways:  (1) through genetic mapping 
and marker-assisted selection or (2) through diversity analyses for parental selection or varietal 
typing. Genetic linkage maps provide a framework for gene localization and open the potential 
of marker-assisted breeding of both qualitative and quantitative traits.  Linkage maps have been 
constructed in alfalfa (Brummer et al., 1993; Kiss et al., 1993; Echt et al., 1994; Tavoletti et al. 
1995), tall fescue (Xu et al., 1995), and eastern gamagrass (Blakey, 1993).  Marker facilitated 
selection, which could be practiced in the seedling year, could greatly speed the forage breeding 
process.  Other molecular marker work has focussed on assessing variability within and among 
populations (Brummer et al., 1991; Yu and Pauls, 1993; Huff et al., 1993; Kidwell et al., 1994; 
and Xu et al., 1994) and on varietal identification (Huff, 1996; Barker, 1996).  Markers may 
potentially be useful for the selection of parental plants having alleles that maximize heterosis 
(Brummer et al., 1994), similar to work on heterotic groups in maize (e.g. Lee et al., 1989) and 
oilseed rape (Diers et al., 1996).  Obviously more work remains to be done to assess the utility of 
molecular markers to forage breeding projects.  Collaborative agreements are essential to enable 
the wide area testing required to associate markers with phenotypes across several environments.  
Region-wide cooperation also allows breeders without access to laboratory facilities to interact 
with others who have molecular marker capabilities. 
 
Objectives: 
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1) Evaluate new plant characters and develop germplasm and cultivars with these characters to 
improve perennial forage species as livestock feed and biofuel uses to enhance rural vitality and 
promote more secure energy sources. 
 
2) Build on previous research to evaluate additional breeding methods for improving yield and 
persistence of alfalfa, red clover, orchardgrass, and other forage species to make production 
agriculture more economical and sustainable. 
 
3) Evaluate new experimental populations and cultivars of perennial forage species for 
characteristics necessary for breeders, seed companies, seed and forage producers, and crop 
consultants to make decisions on commercial use over large regions. 
 
 
Methods: 
 
Abbreviations 
NGPRL=Northern Great Plains Res Lab. 
PGRU=Plant Genetics Research Unit 
PSWMRL=USDA/ARS Pasture Sys. & Watershed Man. Res Lab. 
AFCCH=Agri-Food Canada, Charlottetown 
AFCSF=Agri-Food Canada, St. Foy 
AFCSK=Agri-Food Canada, Saskatoon 
AFCL=Agri-Food Canada, Lethbridge, Alberta 
FRRL=USDA/ARS Forage and Range Research Lab 
 
1.0 Evaluate new plant characters and develop germplasm and cultivars with these 
characters to improve perennial forage species as livestock feed and biofuel uses to enhance 
rural vitality and promote more secure energy sources. 
 
1.1 Alfalfa 
 
1.1.1 Identification of traits useful for improving Medicago sativa ssp. falcata germplasm.  
Lead: Brummer, IA 
Cooperating locations: KS, AFCSF, NGPRL, SD. 
 
We began a long-term project to evaluate and improve falcata germplasm in 1997 as part of the 
NE-144 project (Brummer et al., 1997b) and have recently completed an evaluation of 100 
falcata accessions (manuscript in preparation), and a number of desirable accessions were 
identified. In this project, we will evaluate another 96 of the tetraploid, yellow-flowered 
accessions in spaced-plant nurseries at all locations. Data will be collected in 2003 and 2004. In 
2005, superior plants will be selected as parents for improved populations. 
 
1.1.2 Genetics and improvement of naturalized alfalfa (M. sativa subsp. falcata). 
Lead: Boe, SD 
Cooperating locations: IA, NGPRL. 
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Nurseries were established at SD, IA, and Brandon and Miami, Manitoba during 2001, with 
additional nurseries planned for ND and MT in 2002. Data will be collected from 2002-2006 on 
genetic variation for traits related to morphological adaptation to grazing, forage production, 
quality, seed production, and resistance to diseases and insects. Superior plants will be selected 
from each location for development of synthetics. In addition, synthetics will be developed based 
on family performance across environments. In 2008 seed produced from those experimental 
synthetics will be interseeded into depleted pastures/rangelands in replicated trials with several 
grazing- and hay-type cultivars for long-term (about 5 years) evaluations of productivity and 
persistence at several locations in North America. Superior synthetic cultivars will be released. 
 
1.1.3 Breeding for resistance to alfalfa snout beetle in alfalfa. 
Lead: Viands, NY 
Cooperating locations: AFCSF, SD, IA. 
 
Alfalfa snout beetle (ASB, Otiorhychus ligustica) causes severe productivity and stand losses on 
alfalfa in northern NY. Because this insect threatens to spread across northern North America, 
we initiated research to identify resistant/tolerant germplasm for developing resistant cultivars. 
All the perennial Medicago core collection and other germplasm in a field trial were susceptible; 
however, significant variation existed, suggesting that resistance genes may exist at a low level 
in a few populations. Therefore, in 2001, we initiated recurrent phenotypic selection for 
resistance in the most resistant populations. We plan to conduct at least four cycles of selection 
under controlled environment to develop resistant or tolerant germplasm. Ultimately, we may 
need to use a backcross program to transfer resistance into an adapted background. Cooperators 
in NE-144 will evaluate these populations for yield and persistence in replicated plot trials. NY 
also will evaluate them for yield, persistence, and root damage from ASB in an infested field.  
 
1.1.4 Developing alfalfa germplasm with potato leafhopper resistance from three diverse 
genetic sources. 
Lead: Viands, NY 
Cooperating locations: IA, SD, KS, WV. 
 
Previous NE-144 research resulted in identification at SD of a M. falcata population with 
resistance to potato leafhopper. This resistance is a different mechanism than that from the 
glandular hairs in the most recent alfalfa cultivars in the USA (Hansen et al., 2001). We plan to 
create more stable resistance by developing alfalfa germplasm with all three types of resistance: 
falcata, glandular trichome, and non-glandular pubescent Peruvian germplasm. 
 
After crossing followed by three cycles of selection at several locations, the level of resistance of 
this germplasm will be compared with those of current resistant and susceptible cultivars and 
with the original resistant populations at all participating locations. Leafhopper resistance will be 
evaluated in replicated spaced-plant nurseries. In addition, yield will be assessed in replicated 
plot trials. 
 
1.1.5 Genetic mapping agronomic traits in alfalfa 
Lead: Brummer, IA 
Cooperating locations: KS, NY, AFCSF. 
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A tetraploid alfalfa population, created by crossing an elite M. sativa subsp. sativa genotype with 
a semi-improved genotype of M. sativa  subsp. falcata, is being genotyped using various types of 
molecular markers and phenotyped for yield and agronomic traits (Brummer, 2001), forage 
quality (Alarcon-Zuniga et al., 2000), and winter hardiness (Brummer et al., 2000) in IA in order 
to map quantitative trait loci (QTL). To extend the utility of the population and make inferences 
across broad geographic regions, we planted this population in NY and KS. Under the new NE-
144 project, we will continue to evaluate this population for yield, winter survival, pest 
resistances and physiological traits. Other diploid and tetraploid alfalfa populations are being 
developed to continue our genetic dissection of these traits. 
 
1.1.6 Aluminum tolerance in tetraploid alfalfa. 
Lead: St. Amand, KS 
Cooperating locations: AFCCH, NY. 
 
An estimated 40% of arable soils worldwide are acidic and contain phytotoxic levels of 
aluminum. Alfalfa is very sensitive to low pH and high aluminum soils. To develop acid-tolerant 
cultivars, widely adapted germplasm with acid-tolerance must be identified. Greenhouse and 
laboratory methods for evaluating acid-tolerance have been investigated (Bouton, 1996; 
Campbell et al., 1988), but evaluation in acidic soil was most effective for identifying tolerant 
plants (Bouton, 1996). 
 
PIs most tolerant to low pH were crossed with several germplasms adapted to the Central Great 
Plains. Progeny of these crosses will be evaluated for yield, vigor, and adaptation in replicated 
plots of low pH native soil at diverse locations in the U.S. Recurrent phenotypic selection will be 
done to improve the population. Because progress is expected to be slow (Bouton and Sumner, 
1983), 8 to 10 breeding cycles (years) will likely be needed to produce acceptable Al tolerant 
lines with wide adaptation. 
 
1.2 Birdsfoot Trefoil 
 
Rhizomatous birdsfoot trefoil for yield improvement. 
Lead: Beuselinck, PGRU 
Cooperating locations: AFCCH, NY, IA, SD. 
 
Persistence of birdsfoot trefoil in humid regions of North America is shortened by root- and 
crown-rotting diseases. Lotus corniculatus L. germplasm accessions from Morocco produce 
rhizomes that may increase persistence in cultivars. Rhizomes have been successfully transferred 
into cultivars of L. corniculatus, and the cultivar ARS-2620 was developed and released. 
Interspecific hybrids between L. corniculatus and L. uliginosus produce rhizomes and have 
potential for development into another forage crop.  
 
ARS-2620 and the L. corniculatus X L. uliginosus hybrid will be evaluated and selected for 
adaptation to diverse environments. Selection will be on growth form (very prostrate or erect), 
winter hardiness, and rhizome expression.  
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1.3 Reed Canarygrass 
 
Collection and evaluation of naturalized reed canarygrass populations for biofuel and 
forage traits. 
Lead: Brummer, IA 
Cooperating locations: SD, AFCSF, KY, AFCSK, NGPRL, WI. 
 
We have evaluated the PI collection of reed canarygrass and other populations and cultivars for 
biomass in IA and WI. A local ecotype (‘Fraser’) collected near Boone, IA had among the 
highest yields, which suggests that native and naturalized populations of reed canarygrass could 
provide substantial variation for biomass traits that is not currently in the USDA collection. We 
will evaluate up to 100 accessions collected throughout North America. In addition, we will 
make some targeted collections along the southern edge of reed canarygrass adaptation and in 
uncollected areas of the Northeast U.S., MN, and WI. Evaluation for maturity, plant height, 
biomass yield (two harvest system), and cell-wall constitution will be done in 2004 and 2005. 
The best accessions will be increased for further evaluation, selection, and possible release. 
 
1.4 Tall Fescue 
 
Interactions of nonstructural carbohydrates, seed yield, forage quality and yield 
components. 
Lead: Balasko, WV 
Cooperating locations: KY. 
 
Development of tall fescue populations with a range of total nonstructural carbohydrate (TNC) 
concentrations will be continued. Correlations among TNC, seed and forage yields, and forage 
quality components will be investigated. The studies will include related species and derivatives 
such as perennial ryegrass, meadow fescue, and festulolium. The role of TNC concentration in 
palatability, winter hardiness, and persistence also will be determined. 
 
 
1.5 Multiple Species 
 
1.5.1 Selection for fiber digestibility and cell wall pectin. 
Lead: Viands, NY 
Cooperating locations: AFCSF, WI. 
 
We are developing breeding objectives for improving forage quality in alfalfa and grasses, 
primarily by increasing carbohydrate concentration, which is essential for rumen microbes to 
convert forage protein into forms that dairy cows can use for milk production. 
 
NY and USDFRC are using different assay techniques to improve pectin concentration in alfalfa. 
USDFRC has been developing populations with high and low leaf and stem pectin 
concentrations to evaluate the effect of altered cell wall pectin concentration on animal nutrition. 
NY has developed several alfalfa populations with various ratios of fiber constituents. Replicated 
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plot trials are being sampled for at least two production years to determine progress from 
selection and the effect on in vitro dry matter digestibility and bypass proteins. 
 
At AFCSF, divergent selection was done in four timothy populations for various fiber ratios and 
other quality constituents. Populations will be evaluated in two field tests for forage yield, 
quality of stems and leaves, leaf:stem ratio, and stem diameter. Heritability based on individual 
plants and on half-sib progenies will be determined for the above traits. 
 
At WI, selection for divergent lignin, etherified ferulic acid, and total fiber concentrations is 
being done on several forage grasses. Evaluation of these grass populations will be done at 
various locations. 
 
1.5.2 Grass-grass and grass-forb mixtures for long-term sustainable biomass production. 
Lead: Boe, SD 
Cooperating locations: IA, WV, PGRU, NY, MN. 
 
Switchgrass (Panicum virgatum L.) has been identified by the U.S. Department of Energy as a 
potential herbaceous biomass/energy crop. Current research is focusing on developing high-
yielding cultivars of switchgrass along with cultural practices that minimize inputs, promote 
sustainability, and maximize biomass production (Sanderson et al., 1996). Tilman et al. (1996. 
2001) demonstrated a positive relationship between biomass productivity and species richness in 
seeded plots of native North American prairie plant species.  
 
We plan to apply this ecological research to practical agronomic situations by comparing: (1) 
long-term productivity of seeded plant communities composed of 1, 2, 4, 6, or 8 native North 
American plant species with switchgrass as a common component of all five communities, and 
(2) biomass production in binary mixtures of switchgrass and big bluestem cultivars of similar or 
different latitudinal origins. Data from plot trials at various locations will be collected on total 
biomass production and biomass species composition over time. 
 
1.5.3 Molecular fingerprinting in forage populations. 
Lead: St. Amand, KS 
Cooperating locations: PSWMRL, AFCCH, PGRU. 
 
Most forage cultivars are synthesized from multiple sources, creating maximum heterogeneity. 
Mixed genomes makes identification of populations difficult. Both RFLP and PCR-based 
methods generally have shown that high variability within populations obscure variation between 
populations (Skinner, 2000). A DNA fingerprint using hypervariable regions in the chloroplast 
genome can help differentiate alfalfa cultivars. Populations are compared based on the 
distribution of the fragment sizes using the Kolmogorov-Smirnov (KS) test (Wayne, 1990). 
Comparisons of the hypervariable cpDNA, RAPDs and AFLPs showed that the hypervariable 
cpDNA regions were the most efficient kind of marker for distinguishing populations (Kisha et 
al., 2001). Two hypervariable regions (HindIII and HaeII), successfully used by Skinner (2000) 
to evaluate relationships of alfalfa accessions, may be useful to distinguish individual alfalfa 
cultivars and to evaluate potential parents in a breeding program.  
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Our objective is to test the robustness, utility, and reproducibility of using cpDNA hypervariable 
regions to distinguish between populations of forages. Each location will provide three closely 
related alfalfa populations. A sample of 96 seedlings per population will be sprouted and cpDNA 
extracted individually. Marker profiles generated on each population from each location will be 
compared. The same methods will also be applied to other forage species. 
 
2.0 Build on previous research to evaluate additional breeding methods for improving yield 
and persistence of alfalfa, red clover, orchardgrass, and other forage species to make 
production agriculture more economical and sustainable. 
 
2.1 Alfalfa 
 
2.1.1 Comparison of mass, S1, and S2 selection in alfalfa. 
Lead: Michaud, AFCSF 
Cooperating locations: IA, NY. 
 
Selection began in 1997 to compare the effectiveness of two cycles of phenotypic selection made 
at the S1 and at the S2 level versus two cycles made at the non inbred level for improving yield 
potential of alfalfa. For each cycle, about 200 each of S1 and S2 families were evaluated for 2 
years. The best plant within each of the 20 best S1 and the 20 best S2 families were selected and 
intercrossed within each group. Similarly, 2000 plants from the same base population were 
evaluated and after 2 years, and the best 100 plants were intercrossed to produce another 
population. The second cycle of selection was initiated in 2001. Each cooperator selecting in his 
own population. The base population and the Syn. 2 generation of the first and second cycles of 
selection, along with several check cultivars, will be established in replicated plot trails at 
multiple locations to determine selection progress. 
 
2.1.2 Replicated clonal line selection for improving forage yield of alfalfa. 
Lead: Viands, NY 
Cooperating locations: AFCSF, IA, KS. 
 
Research will be initiated to determine if replicated clonal selection improves alfalfa yield 
potential. Replicated clonal selection enables evaluation across environments, thus increasing 
heritability, while theoretically utilizing all the genetic variability of the plant population. Most 
types of progeny testing exploits only one-half or less of the additive genetic variability (Rowe 
and Hill, Jr., 1984; Rumbaugh et al., 1988).  
 
Germplasm sources from each participant will be randomly intermated for two generations to 
create one genetically broad population. Each participant will transplant three ramets per 
replicate (3) of each of 200 genotypes to a field nursery. At each harvest, the number of plants 
and forage yield will be recorded for two production years. At the end of the second production 
year, the highest yielding 10% (20 genotypes) across locations will be intercrossed to produce 
Cycle 1 seed. The scientists also will produce their own populations using data from their own 
locations. After two cycles, selection progress will be determined with Syn. 2 seed in replicated 
plot trials at all the locations. 
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2.2 Orchardgrass 
 
Clonal selection in orchardgrass for broad adaptation. 
Lead: Tim Phillips, KY 
Cooperating locations: IA, AFCSF, AFCSK, SD. 
 
Similar to the alfalfa study described above, a broad-based orchardgrass population will undergo 
clonal selection. After two years' evaluation for winter hardiness, disease reactions, forage yield, 
seed yield, and tolerance to grazing, synthetics will be constructed based on performance across 
environments. Selection progress will be determined like above and compared with that of 
alfalfa. 
 
2.4 Red Clover 
 
Selection for general adaptation in red clover 
Lead: Papadopoulos, AFCCH 
Cooperating locations: NY, AFCSF, AFCSK, WV, SD, MO, IA. 
 
Poor persistence of red clover is attributed mainly to lack of winter hardiness and to 
susceptibility to root and crown diseases and root-feeding insects. Selecting specifically for these 
traits has not improved general adaptation and long-term persistence. Natural selection in the 
target regions may be most effective for improving persistence. 
 
Broad-based germplasm will be established at each site. In the third year, plants selected from 
the sites will be crossed in a diallel design to produce all combinations of synthetic populations 
within and between sites. Syn. 2 seed will be used to establish yield trials at all sites to determine 
selection progress and to differentiate between general versus regional adaptation methodology 
for improving long-term persistence. 
 
3.0 Evaluate new experimental populations and cultivars of perennial forage species for 
characteristics necessary for breeders, seed companies, seed and forage producers, and 
crop consultants to make decisions on commercial use over large regions. 
 
3.1 Alfalfa 
 
Evaluation of new M. sativa subsp. falcata populations. 
Lead: Brummer, IA 
Cooperating locations: KS, AFCSF, NGPRL, SD. 
 
Each location involved in the M. sativa subsp. falcata evaluation project (1.1.1) has developed 
populations from the most desirable accessions. Seed quantities will be increased in 2003 and 
comparative hay trials will be planted along with check cultivars in 2004. 
 
3.2 Black Medic 
 
Evaluation of naturalized Medicago lupulina collections. 
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Lead: Brummer, IA 
Cooperating locations: NY,  PGRU, SD. 
 
Black medic is common in pastures, lawns, and roadsides throughout most of North America. 
Little selection for improved black medic cultivars has been conducted throughout the world, and 
only one cultivar, ‘George’, is available in the U.S. (Sims et al., 1985).  Blaser and Stokes (1946) 
suggested that local ecotypes performed substantially better than other germplasm in Florida. 
 
The objective of this research is to evaluate black medic populations that have been collected 
during the last 5 years throughout North America along with accessions from NPGS to determine 
the potential for improvement. Nearly pure lines, developed by single seed descent, will be 
planted in replicated field plots consisting of five plants each. Plots will be evaluated for growth 
habit, days to flowering, vigor, powdery mildew resistance, dry matter yield, regrowth rate, seed 
production, regrowth vigor, and perenniality during 2003-4. Seed of the best genotypes will be 
increased, planted at multiple locations, and evaluated for potential germplasm or cultivar 
release. 
 
 
3.3 Multiple Species 
 
Evaluation of cultivars and germplasm under grazing. 
Lead: Brummer, IA 
Cooperating locations: NY, AFCSF, AFCCH, PSWMRL, KY, SD, PGRU, NGPRL, WI. 
 
Grazing tolerance is a major requirement for many forage species destined for pasture 
production, yet evaluation under grazing stress often is not conducted, particularly in production 
regions. Material to be evaluated will be new grass and legume cultivars from Europe and New 
Zealand that are used in North America, and the NE-144 M. sativa subsp. falcata populations. 
Evaluation experiments will be conducted as germplasm is developed or as new cultivars are 
introduced.  Grazing will be rotational and/or continuous by beef cattle or sheep (Brummer and 
Moore, 2000), depending on the intended goals of the specific experiment. Grazing tolerance 
will be assessed visually or by stand counts two weeks after terminating grazing in the autumn. 
Each test will last 3 years post establishment. 
 
Measurement of Progress and Results: 
Outputs: 
 
Output 1:  Release of improved germplasm and cultivars of the following: 

a. Alfalfa suitable for interseeding and becoming naturalized into depleted pastures and 
rangelands, 

b. Alfalfa resistant to the snout beetle, 
c. Yellow flowered alfalfa that could be used alone under pasture or range conditions or in 

crosses with purple flowered alfalfa to produce heterosis, 
d. Alfalfa with multiple mechanisms for resistance to the potato leafhopper,  
e. Alfalfa with improved tolerance to Al soils 
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f. Birdsfoot trefoil with enhanced adaptation to the NE-144 members’ regions and 
possessing rhizomes to aid in survival, 

g. Red clover with adaptability to various areas of north central and northeast US and 
contiguous areas in Canada, 

h. Orchardgrass with broad adaptation, high yield, and enhanced persistence, 
i. Reed canarygrass superior for use as a biofuel crop, 
j. Timothy with enhanced nutritive value, 
k. Black medic for use in mixed pastures. 

These cultivars and germplasms will improve the profitability of forage crops and their 
development would be impossible without the widespread cooperation facilitated by NE-144. 
 
Output 2:  Development of improved selection methodologies by evaluating: 

a. Clonal selection for yield and persistence in alfalfa and orchardgrass, 
b. Selfed progeny selection for yield and persistence in alfalfa,  
c. Natural selection for adaptation in red clover,  
d. Recurrent phenotypic selection on cell wall components in several species. 

 
Output 3:  Increase in knowledge about the structure of alfalfa populations and the alfalfa 
genome, specifically, 

a. Mapping chromosomal regions in alfalfa associated with biomass yield, winter 
survival, and disease resistance, 

b. Evaluation of molecular marker based methods to differentiate among alfalfa 
cultivars. 

 
Output 4:  Elucidation of the role of biodiversity on long-term agricultural productivity, using 
biofuel production as a model system to evaluate grass-grass and grass-forb mixtures versus 
monocultures. 
 
Output 5:  Evaluation of new species and germplasms for their persistence under grazing stress 
to enable more useful recommendations to farmers. 
 
Output 6:  Understanding of the naturalization process of introduced species by studying the 
attributes of yellow flowered alfalfa that was introduced into South Dakota in the early 20th 
century. 
 
Output 7:  Journal papers, technical bulletins, state agricultural experiment station reports, 
extension bulletins, popular press releases, and web sites describing the research conducted and 
the enhancements of newly released cultivars and germplasms, and reporting yield data of new 
forage crop cultivars. 
 
 
Measurement of Progress and Results: 
Outcomes or Projected Impacts: 
 
Outcome/Impact 1:  Farmers and ranchers will have access to new cultivars that have improved 
yield, quality, persistence, grazing tolerance, disease resistance, and other traits designed to 
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enhance their usefulness to the farming enterprise, particularly that of small to medium sized 
farmers. 
 
Outcome/Impact 2:  Improved forages will improve farm profitability by providing a more 
nutritious, more stable feed supply to the dairy and livestock industries; this in turn will increase 
forage cultivation, lessen the need for grain in rations, and help diversify the farming economy.   
 
Outcome/Impact 3:  An increase in forage cultivation will have major positive impacts on 
environmental quality by increasing the proportion of land in perennial crop cover, thereby 
decreasing erosion, improving soil tilth, adding nitrogen to the cropping system, and improving 
water quality. 
 
Outcome/Impact 4:  As a result of this project, breeders will be able to develop new germplasm 
and cultivars more efficiently and more quickly using newly evaluated breeding methods and 
molecular markers to move particular chromosomal regions in a targeted manner, while avoiding 
genetic vulnerabilities that may be present in some germplasm.  
 
Outcome/Impact 5: High producing biomass cultivars would be developed from this project that 
would be essential to make the nascent biofuel industry successful.  Given the beneficial 
environmental characteristics of biofuels, having superior cultivars in hand when the industry is 
ready is a sensible goal. 
 
Outcome/Impact 6: Producers will get practical information on which to base their selection of 
higher yielding and more stable cultivars for their pastures, which will improve grazing systems 
throughout the region, improving economic welfare for all growers and producers.  
 
Outcome/Impact 7:  Forage crops that have received limited attention in the past—such as 
birdsfoot trefoil, black medic, and reed canarygrass--will be evaluated and improved for 
adaptation (e.g., evaluation of naturalized germplasm) and persistence (e.g., the rhizome trait in 
trefoil). 
 
Outcome/Impact 8:  The utility of ecological experiments relating biodiversity and biomass 
productivity will be empirically tested using biofuel crops as a model system.  The importance of 
species mixtures to ensure long-term productivity must be evaluated.  This will be an important 
verification of the relevance of ecological experiments to applied agricultural situations. 
 
Outcome/Impact 9:  The characteristics associated with invasive or introduced species will be 
elucidated by close examination of an introduced alfalfa population that has been expanding its 
range in western South Dakota over the past decade.  A better understanding of what makes 
species successful invaders will help manage inadvertent introductions more effectively. 
 
Outcome/Impact 10:  The utility of molecular markers to both develop and describe forage 
populations and germplasm will be tested.  Though these technologies have significant potential, 
their usefulness in outcrossing, polyploid forage crops like alfalfa is not well tested. Application 
of these technologies to the ongoing breeding programs of NE-144 participants will help gauge 
the possible efficiencies they can provide to the development of improved cultivars. 
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Measurement of Progress and Results: 
Milestones: 
 
Germplasm and cultivars will be released and articles published periodically throughout duration 
of the project. In addition, yield data will be reported annually. Specific milestones are listed 
below. 
 
2002: Milestones: Identification of an orchardgrass population with suitable broad adaptability. 
L. corniculatus X L. uliginosus population increased for seed availability. Cycle 2 selection at 
the S1 and S2 levels. 
 
2003: Milestones: Establishment of orchardgrass clonal material at four locations. Development 
of a genetically diverse starting population of red clover. Seed of L. corniculatus X L. uliginosus 
and ARS-2622 are distributed to cooperators. Initial cross of potato leafhopper resistant alfalfa 
populations. Initial testing of Al tolerant alfalfa germplasms. 
 
2004: Milestones: Identification of clones to use in constructing orchardgrass synthetics. Cycle 1 
selection of potato leafhopper resistant alfalfa populations.  
 
2005: Milestones: Production of an orchardgrass synthetic. Selection of adapted red clover 
clones. Initial evaluation of black medics. Initial evaluation of first set of falcatas. Cycle 2 
selection of potato leafhopper resistant alfalfa populations. Produce Syn. 2 seed of populations 
derived from two cycles of selection for the breeding methods study. 
 
2006: Milestones: Production of orchardgrass clones for a second cycle of selection. Evaluation 
and selection of L. corniculatus X L. uliginosus. Cycle 3 selection of potato leafhopper resistant 
alfalfa populations.  
 
2007: Milestones: Development of red clover diallel crossing populations. 
 
2008: Milestones: Release of black medic germplasms. Initial QTL maps of alfalfa made. Seed 
increase of L. corniculatus X L. uliginosus germplasm. Nursery testing of potato leafhopper 
resistant alfalfa populations.  
 
2009: Milestones: Initial evaluation of second set of falcatas.  
 
2010: Milestones: Identification of superior orchardgrass parents from the second cycle of 
selection. Evaluation of red clover  populations at each site.  
 
2011: Milestones: Yield testing of potato leafhopper resistant alfalfa populations.  
 
2012: Milestones: If necessary, backcross potato leafhopper resistance into an adapted alfalfa 
background.  
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2013: Milestones: Possible release of alfalfa with multiple potato leafhopper resistant 
mechanisms.  
 
2014: Milestones: Release of improved orchardgrass synthetic with broad adaptability.  
 
2015: Milestones: Yield testing of Al tolerant alfalfa germplasm. 
 
2016: Milestones: Release of improved falcata populations. 
 
2017: Milestones: Release of improved Al tolerant alfalfa germplasm. 
 
 
Outreach Plan: 
 
Performance results will be available in various forage variety trial results published by several 
states. Normal information transfer via the extension component of the land-grant institutions 
will be utilized. In cooperation with extension personnel, field days will be conducted to 
showcase the qualities of new germplasm and cultivars and to describe the various benefits. The 
primary goal of some evaluations is to provide information to producers about which cultivars 
and/or species are most useful to their hay and grazing systems. Information will be distributed 
through university extension bulletins, popular press articles, and field days within each 
participating state. 
 
Research findings will be disseminated through refereed publications, non-refereed but peer 
reviewed publications, and abstracts or meetings. International conferences will also provide an 
outlet for research findings. Germplasms and cultivars will be released by cooperating 
institutions. Some states already have interactions with seed companies who produce and market 
seed of public cultivars. Forage breeders across North America and the world will be notified 
about germplasm releases via articles in Crop Science. 
 
 
Organization and Governance: 
The recommended Standard Governance for multistate research activities will be used for this 
project. This project will have an elected Chair, a Chair-elect, and a Secretary. All officers are to 
be elected for at least two-year terms to provide continuity. Administrative guidance will be 
provided by an assigned Administrative Advisor and a CSREES Representative.  
 
Authorization: [Electronic Signature of the Administrative Advisor with the date of 
submission.] 
 
 
Literature Cited: 
 
Agrios, G.N. 1988. Plant pathology. 3rd ed., Academic Press, Inc., San Diego, CA. 
Alarcon-Zuniga, B., E.C. Brummer, and K.J. Moore.  2000.  Forage quality in an F1 segregating 

alfalfa population.  Agron. Abstr. 178. 



 22

Altier, N.A., N.J. Ehlke, and M. Rebuffo. 2000. Divergent selection for resistance to Fusarium 
Root Rot in Birdsfoot Trefoil. Crop Sci. 40:670-675. 

Anderson, B., J.K. Ward, K.P. Vogel, H.J. Gorz, and F.A. Haskins. 1988. Forage quality and 
performance of yearlings grazing switchgrass strains selected for differing digestibility. J. 
Anim. Sci. 66:2239-2244. 

Anderson, I.C., D.R. Buxton, and P.A. Lawlor.  1991.  Yield and chemical composition of 
perennial grasses and alfalfa grown for maximum biomass.  p. 128-132.  Proc. 1991 Forage 
and Grasslands Conf.  AFGC, Georgetown, TX. 

Barker, R.E.  1996.  Running RAPDs with cross-pollinated grasses.  Proc. Grass Breeders Work 
Planning Conf. 15-17 Sept. 1996.  Griffin, GA.  (in press). 

Barker, R.E., A.W. Hovin, I.T. Carlson, P.N. Drolson, D.A. Sleper, J.G. Ross, and M.D. Casler. 
1981. Genotype-environment interactions for forage yield of reed canarygrass clones. Crop 
Sci. 21:567-571. 

Barker, R.E., and R.R. Kalton. 1989. Cool-season forage grass breeding: progress, potentials, 
and benefits. p. 5-20 In D.A. Sleper et al. (ed.) Contributions from breeding forage and turf 
grasses. Spec. Publ. No. 15, Crop Sci. Soc. Am., Madison. 

Barnes, D., C. Heichel, and C. Sheaffer. 1986. Nitro alfalfa may foster new cropping system. 
News, November 20. Minnesota Extension Service, St. Paul. 

Barnes, D.K., E.T. Bingham, R.P. Murphy, O.J. Hunt, D.F. Beard, W.H. Skrdla, and L.R. 
Teuber.  1977.  Alfalfa germplasm in the United States:  Genetic vulnerability, use, 
improvement, and maintenance.  USDA Tech. Bull. No. 1571.  USDA-ARS, Washington, 
D.C.  21 p. 

Beddows, A.R. 1953. The ryegrasses in British agriculture: a survey. Welsh Pl. Breed. Stn., 
Bulletin Series H, No. 17. 

Berdahl, J.D., A.C. Wilton, and A.B. Frank. 1989. Survival an agronomic performance of 25 
alfalfa cultivars and strains interseeded into rangeland. J. Range Manage. 42: 312-316. 

Berdahl, J.D., A.C. Wilton, R.J. Lorenz, and A.B. Frank. 1986. Alfalfa survival and vigor in 
rangeland grazed by sheep. J. Range Manage. 39: 59-62. 

Bergstrom, G.C., and D.W. Kalb. 1995. Fusarium oxysporum f.sp. loti: A specific wilt pathogen 
of birdsfoot trefoil in New York. Phytopathology 85:1555. 

Beuselinck, P.R. and Steiner, J.J. Registration of ‘ARS-2620’ birdsfoot trefoil. Crop Sci. 
36:1414. 1996. 

Blakey, C.A.  1993.  A molecular map in Tripsacum dactyloides, Eastern gamagrass.  PhD. 
dissertation.  University of Missouri, Columbia, MO. 

Blaser, R.E. and W.E. Stokes.  1946.  Ecological and morphological characteristics of black 
medic strains.  Journal of American Society of Agronomy 38:325-331. 

Boe, A., R. Bortnem, K.F. Higgins, A.D. Kruse, K.D. Kephart, and S. Selman. 1998. Breeding 
yellow-flowered alfalfa for combined wildlife habitat and forage purposes. SDAES 727. 
Brookings: South Dakota State University. 

Bortnem, R., and A. Boe. 2000. Canada tickclover vs. alfalfa in legume/grass mixtures. p. 22 In 
M. Phillips (ed.) Proc. 2000 Forage and Grassl. Conf., 16-19 Jun. 2000, Madison, WI. 
Amer. Forage and Grassl. Counc., Georgetown, TX. 

Bouton, J.H. 1996. Screening the alfalfa core collection for acid soil tolerance. Crop Science. 36: 
198-200. 



 23

Bouton, J.H. and M.E. Sumner. 1983. Alfalfa, Medicago sativa L., in highly weathered, acid 
soils. V. Field performance of alfalfa selected for acid tolerance. Plant and Soil. 74: 431-
436. 

Bouton, J.H., S.R. Smith, Jr., D.T. Wood, C.S. Hoveland, and E.C. Brummer.  1991. Registration 
of 'Alfagraze' alfalfa.  Crop Sci.  31:479. 

Braverman, S.W.  1986.  Disease resistance in cool-season forage, range, and turf grasses.  II.  
Bot. Rev. 52:1-112. 

Breese, E.L., and B.F. Tyler. 1986. Patterns of variation and the underlying genetic and 
cytological architecture in grasses with particular reference to Lolium. p. 53-69. In B.T. 
Styles (ed.) Infraspecific classification of wild and cultivated plants. Clarendon Press, 
Oxford, England. 

Brink, G.E., and D.E. Rowe. 1993. Growth of white clover clones in monoculture and 
contrasting bermudagrass swards. Crop Sci. 33:1091-1094. 

Broderick, G.A., and D.R. Buxton. 1991. Genetic variation in alfalfa for ruminal protein 
degradability. Can. J. Plant Sci. 71:755-760. 

Brummer, C., L. Burras, M. Duffy, K. Moore, M. Downing, and S. McLaughlin.  1997.  
Integration of technical aspects of switchgrass production in Iowa.  p. 1445-1454.  In: 
Making a business from biomass.  Vol. 2.  R.P. Overend and E. Chornet (eds.)  Proc. 3rd 
Biomass Conf. of the Americas.  Pergamon, Oxford, UK. 

Brummer, E.C.  1999.  Capturing heterosis in forage crop cultivar development.  Crop Sci.  
39:943-954. 

Brummer, E.C.  2001.  Integrating genomics and breeding to improve yield and winter hardiness 
in alfalfa.  Proc. Plant and Animal Genome IX.  San Diego, CA.  13-17 January 2001.  

Brummer, E.C. and K.J. Moore.  2000.  Persistence of perennial cool-season grass and legume 
cultivars under continuous grazing by beef cattle.  Agron. J.  92:000-000. 

Brummer, E.C., and J.H. Bouton.  1991.  Morphological traits associated with grazing tolerant 
alfalfa.  Agron. J. 83:996-1000. 

Brummer, E.C., and J.H. Bouton.  1992.  Physiological traits associated with grazing tolerant 
alfalfa.  Agron. J.  84:138-143. 

Brummer, E.C., C.L. Burras, M.D. Duffy, and K.J. Moore.  2001.  Switchgrass Production in 
Iowa: Economic analysis, soil suitability, and varietal performance.  Annual Report. 
Available online at: 
http://www.public.iastate.edu/~brummer/papers/2001BiomassReport.pdf. 

Brummer, E.C., C.S. Echt, T.J. McCoy, K.K. Kidwell, T.C. Osborn, G.B. Kiss, G. Csanadi, K. 
Kalman, J. Györgyey, L. Ökrész, A.E. Raczkevy, J.H. Bouton, and G. Kochert.  1994.  
Molecular maps of alfalfa.  In:  R.L. Phillips and I.K. Vasil (eds.) DNA-based Markers in 
Plants.  Kluwer, Dordrecht, The Netherlands.  pp. 144-158. 

Brummer, E.C., G. Kochert, and J.H. Bouton.  1991.  RFLP variation in diploid and tetraploid 
alfalfa  Theor. Appl. Gen. 83:89-96. 

Brummer, E.C., J.D. Berdahl, A.R. Boe, R. Michaud, S.R. Smith, and P.C.S. Amand.  1997.  
Evaluation of tetraploid Medicago sativa ssp. falcata accessions.  Proc. 25th Central Alfalfa 
Impr. Conf.  LaCrosse, WI.  University of Wisconsin, Madison.  

Brummer, E.C., J.H. Bouton, and G. Kochert.  1993.  Development of an RFLP map in diploid 
alfalfa.  Theor. Appl. Genet. 86:329-332. 

Brummer, E.C., M.M. Shah, and D. Luth.  2000.  Re-examining the relationship between fall 
dormancy and winterhardiness in alfalfa.  Crop Sci.  40:971-977. 



 24

Brummer, E.C., P.M. Cazcarro, and D. Luth.  1999.  Ploidy determination of alfalfa germplasm 
accessions using flow cytometry.  Crop Sci.  39:1202-1207. 

Brummer, J.E., and J.B. Moutray.  1996.  The USA seed industry perspective of the importance 
of disease resistance in forage/pasture crops.  In:  Chakraborty et al. (eds.) Pasture and 
forage crop pathology.  ASA, CSSA, SSSA, Madison, WI.  pp.387-394. 

Burvall, J.  1997.  Influence of harvest time and soil type on fuel quality in reed canarygrass 
(Phalaris arundinacea L.).  Biomass and Bioenergy 12:149-154. 

Buxton, D.R., and M.D. Casler. 1993.  Environmental and genetic effects on cell wall 
composition and digestibility.  p. 685-714.  In H. G. Jung, D. R. Buxton, R. D. Hatfield, 
and J. Ralph (ed.)  Forage cell wall structure and digestibility.  ASA-CSSA-SSSA, 
Madison, WI. 

Campbell, T.A., J.H. Elgin, C.D. Foy, J.E. McMurtrey. 1988. Selection in alfalfa for tolerance to 
toxic levels of aluminum. Can. J. Plant Sci. 68: 743-753. 

Campbell, T.A., N.J. Nuernberg, and C.D. Foy. 1989. Differential responses of alfalfa cultivars 
to aluminum stress. J. of Plant Nut. 12: 291-305. 

Campbell, T.A., Z.L. Xia, P.R. Jackson, and V.C. Baligar. 1994. Diallel analysis of tolerance to 
aluminum in alfalfa. Euphytica 72: 157-162. 

Caradus J.R., A.C. Mackay, J. van den Bosch, and D.R. Woodfield. 1989. Comparative 
evaluation of white clover cultivars in spaced plant and small mixed species plot trials. N. 
Z. J. Agric. Res. 32:433-436. 

Carlson, I.T.  1990. Direct and indirect selection for forage yield in reed canarygrass. p. 83-84 In 
Agronomy Abstracts. ASA, Madison, WI. 

Carlson, I.T., D.E. Doty, and S.K. Barnhart.  1991.  Iowa orchardgrass, tall fescue, smooth 
bromegrass, and reed canarygrass variety tests.  Iowa State Ext. Bull. Pm-1434.  ISU, 
Ames, IA. 

Carlson, I.T., R.N. Oram, and J. Surprenant.  1996.  Reed canarygrass and other Phalaris species.  
p. 569-604.  In:  Cool-season forage grasses.  L.E. Moser, D.R. Buxton, and M.D. Casler 
(eds.)  Agron. Monogr. 34.  ASA, CSSA, and SSSA, Madison, WI. 

Carroll, R.B., and D.P. Whittington. 1991. Crown and root rot of birdsfoot trefoil in Delaware 
caused by Mycoleptodiscus terrestris. Plant Dis. 75: 1074. 

Casler, M.D.  1991.  Genetic variation and covariation in a population of tetraploid Dactylis L. 
accessions. Theor. Appl. Genet. 81:253-264. 

Casler, M.D. , and P.N. Drolsom. 1984. Yield testing cool-season forage grasses in pure stands 
vs. binary mixtures with alfalfa. Crop Sci. 24:453-456. 

Casler, M.D. , and R.P. Walgenbach. 1990. Ground cover potential of forage grass cultivars 
mixed with alfalfa at divergent locations. Crop Sci. 30:825-831. 

Casler, M.D. 1988. Performance of orchardgrass, smooth bromegrass, and ryegrass in binary 
mixtures with alfalfa. Agron J. 80:509-514. 

Casler, M.D., and N.J. Ehlke. 1986. Forage yield and yield component changes with divergent 
selection for in vitro dry matter digestibility of smooth bromegrass. Crop Sci. 26:478-481. 

Casler, M.D., J.F. Pedersen, G.C. Eizenga, and S.D. Stratton.  1996.  Germplasm and cultivar 
development.  In:  L.E. Moser, D.R. Buxton, and M.D. Casler.  Cool-season forage grasses.  
ASA, CSSA, SSSA:  Madison, WI. pp. 413-469. 

Catherall, P.L.  1987.  Selection of cocksfoot (Dactylis glomerata) with resistances to cocksfoot 
mottle virus. Tests Agrochem. Cult. 8:144-145. 



 25

Chamblee, D.S., and M. Collins. 1988. Relationships with other species in a mixture. p. 439-461 
In A.A. Hanson et al. (ed.) Alfalfa and alfalfa improvement. ASA Monograph No. 29, 
Madison, WI. 

Charles, A.H. 1972. Ryegrass populations from intensively managed leys. III. Reaction to 
management, nitrogen application and Poa trivialis L. in field trials. J. Agric. Sci. 79:205-
215. 

Cherney, J.H., K.D. Johnson, J.J. Volenec, and D.K. Greene.  1991.  Biomass potential of 
selected grass and legume crops.  Energy Sources 13:283-292. 

Cherney, J.H., K.D. Johnson, V.L. Lechtenberg, and J.M. Hertel.  1986.  Biomass yield, fiber 
composition, and persistence of cool-season forage grasses.  Agric. Biomass 10:175-86. 

Chesters, G., and L.J. Schierow. 1985. A primer on nonpoint pollution. J. Soil Water Cons. 40:9-
13. 

Clark, E.H., II, J.A. Haverkanp, and W. Chapman. 1985. Eroding soils: The off-farm impacts. 
The Conservation Foundation, Washington, DC. 

Clements, R.J. 1969. Selection for crude protein content in Phalaris tuberosa L. I. Response to 
selection and preliminary studies on correlated response. Aust. J. Agric. Res. 20:643-652. 

Consigli, E.M. 1991. Selection for ryegrass persistence in mixture with perennial legumes. M.S. 
Thesis, University of Wisconsin-Madison. 

Cooper, J.P. 1959. Selection and population structure in Lolium. iii. Selection for date of ear 
emergence. Heredity 13:461-479. 

Coors, J.G., C.C. Lowe, and R.P. Murphy. 1986. Selection for improved nutritional quality of 
alfalfa forage. Crop Sci. 26:843-848. 

Costanza, R., R. d’Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem, 
R.V. O’Neill, J. Paruelo, R.G. Raskin, P. Sutton, and M. van den Belt.  1997.  The value of 
the world’s ecosystem services and natural capital.  Nature 387:253-260. 

Crossley, G.K., and A.D. Bradshaw. 1968. Differences in response to mineral nutrients of 
populations of ryegrass, Lolium perenne L. , and orchardgrass, Dactylis glomerata L. Crop 
Sci. 8:383-387. 

Cushman, J.H., and A.F. Truhollow.  1991.  Selecting herbaceous energy crops for the Southeast 
and Midwest/Lake. 

Devine, T.E. et al. 1976. Development of alfalfa strains with differential tolerance to aluminum 
toxicity. Plant and Soil. 44: 73-79. 

Diers, B.W., P.B.E. McVetty, and T.C. Osborn.  1996.  Relationship between heterosis and 
genetic distance based on restriction fragment length polymorphism markers in oilseed rape 
(Brassica napus L.).  Crop Sci.  36:79-86. 

Drolsom, P.N., and D. Smith. 1976. Adapting species for forage mixtures. p. 223-232 In R.I. 
Papendick et al. (ed.) Multiple cropping. ASA Spec. Publ. 27, Madison, WI. 

Drury, C.F., J.A. Stone, W.I. Findlay.  1991.  Microbial biomass and soil structure associated 
with corn, grasses, and legumes.  Soil Sci. Soc. Am. J. 55:805-811. 

Echt, C.S., K.K. Kidwell, S.J. Knapp, T.C. Osborn, and T.J. McCoy.  1994.  Linkage mapping in 
diploid alfalfa (Medicago sativa).  Genome 37:61-71. 

Eichhorn, M.M., Jr., W.M. Oliver, W.B. Hallmark, W.A. Young, A.V. Davis, and B.C. Nelson. 
1986. Registration of 'Grazer' bermudagrass. Crop Sci. 26:835.  

Empig, L.T., C.O. Gardner, and W.A. Compton. 1972. Theoretical gains for different population 
improvement procedures. Nebr. Agric. Exp. Stn. Bull. MP26. 



 26

Evans, D.R., J. Hill, T.A. Williams, and I. Rhodes. 1985.   Effects of co-existence on the 
performance of white clover-perennial ryegrass mixtures.  Oecologia 66:536-539. 

Evans, D.R., J. Hill, T.A. Williams, and I. Rhodes. 1989. Coexistence and the productivity of 
white clover-perennial ryegrass mixtures. Theor. Appl. Genet. 77:65-70. 

Evans, D.R., T.A. Williams, and S.A. Evans. 1992. Evaluation of white clover varieties under 
grazing and their role in farming systems. Grass Forage Sci. 47:342-352. 

Evans, G., W.E. Davies, and A.H. Charles. 1961. Shift and the production of authenticated seed 
of herbage cultivars. p. 99-105.  In Welsh Pl. Breed. Stn. Ann. Rep. 1960, Aberystywth. 

Evans, M.W. 1937. Improvement of timothy. p. 1103-1121.  In Yearbook of Agriculture, 1937. 
USDA, U.S. Govt. Print. Office, Washington, DC. 

Fonseca, C. E. L.,  J. L. Hansen, E. M. Thomas, A. N. Pell, and D. R. Viands. 1999a. Near 
infrared reflectance spectroscopy prediction and heritability of neutral detergent-soluble 
fiber in alfalfa. Crop Sci. 39:1265-1270. 

Fonseca, C. E. L., D. R. Viands, J. L. Hansen, and A. N. Pell. 1999b. Associations among forage 
quality traits, vigor, and disease resistance in alfalfa. Crop Sci. 39:1271-1276. 

Frandsen, H.J. 1991. A Danish plant breeding enterprise. The history of the DLF and FDB plant 
breeding enterprise 1915 - 1973. Danish Plant Breeding, Bolshoj. 

Fry, W.E., and B.G. Tweedy. 1983. Introduction to disease control. p. 401-404 In T. Kommedahl 
and P.H. Williams (eds.) Challenging problems in plant health. Amer. Phytopath. Soc., St. 
Paul, MN. 

Gardner, C. O. and Eberhart, S. A. 1966a.  Analysis and interpretation of the variety cross diallel 
and related populations. Biometrics.  22:439-452. 

Gardner, C. O. and Eberhart, S. A. 1966b. A general model for genetic effects. Biometrics.  
22:864-881. 

George, J.R., K.M. Blanchet, R.M. Gettle, D.R. Buxton, and K.J. Moore. 1995. Yield and 
botanical composition of legume-interseeded vs. nitrogen-fertilized switchgrass. Agron. J. 
87: 1147-1153. 

Gerdemann, J.W. 1953. An undescribed fungus causing a root rot of red clover and other 
Leguminosae. Mycologia 45: 548-554. 

Gherardi M., Mangin B., Goffnet B., Bonnet D., and Huguet T. 1998. A method to measure 
genetic distance between allogamous populations of alfalfa (Medicago sativa) using RAPD 
molecular markers. Theoretical and Applied Genetics 96:406-412. 

Glenn, S., and J.S. Angle.  1987.   Atrazine and simazine to runoff from conventional and no-till 
corn watersheds. p. 273-280.  In Agricultural ecosystems and environment. Elsevier, 
Amsterdam. 

Goering, H.K. 1974. Effect of heat processing on alfalfa. p. 14-15. In Proc. Natl. Alfalfa Improv. 
Conf. 8-10 Oct 1974, Tuscon, AZ. 

Gotlieb, A.R., and H. Dorski. 1983. Fusarium wilt of birdsfoot trefoil in Vermont and New York. 
Phytopathology 73: 366. 

Gradel, C.M., and B.A. Dehority.  1972.  Fermentation of isolated pectin and pectin from intact 
forages by pure cultures of rumen bacteria.  Appl. Microbiol. 23:332-340. 

Haag, W.L., and R.R. Hill, Jr. 1974. Comparison of selection methods for autotetraploids. II. 
Selection for disease resistance in alfalfa. Crop Sci. 14:591-593. 

Hadders, G. and R. Olsson.  1997.  Harvest of grass for combustion in late summer and in spring.  
Biomass and Bioenergy 12:171-175. 



 27

Hansen, J., J. Miller-Gravin, K. Waldron, and D. Viands. 2000. Performance of potato 
leafhopper resistant cultivars in New York. 37th North Amer. Alfalfa Improv. Conf. 16-19 
July 2000. Madison, WI. P. 302. 

Hansen, J. L., J. E. Miller-Garvin, J. K. Waldron, and D. R. Viands. 2001. Comparison of potato 
leafhopper-resistant and susceptible alfalfa in New York. Crop Sci. 41 (in press). 

Hansen, J., J. Miller-Garvin, K. Waldron, and D. Viands. 1998. Reducing damage from potato 
leafhoppers on alfalfa in New York through cultivar selection: A comparison of resistant 
vs. susceptible cultivars under insecticide treatment and no treatment (seeding year). In  
1997 New York State Livestock and Field Crops Project Reports Relating to IPM. NYS 
IPM Publ. 317. P. 21-28. 

Hansen, J., J. Miller-Garvin, K. Waldron, and D. Viands. 1999. Reducing damage from potato 
leafhoppers on alfalfa in New York through cultivar selection: A comparison of resistant 
vs. susceptible cultivars under insecticide treatment and no treatment (first production 
year). In  1998. New York State Livestock and Field Crops Project Reports Relating to 
IPM. NYS IPM Publ. 318. P. 10-17. 

Hansen, J., J. Miller-Garvin, K. Waldron, and D. Viands. 2000. Reducing damage from potato 
leafhoppers on alfalfa in New York through cultivar selection: A comparison of resistant 
vs. susceptible cultivars under insecticide treatment and no treatment (second production 
year). In  1999 New York State Livestock and Field Crops Project Reports Relating to 
IPM. NYS IPM Publ. 319. P. 7-23. 

Hansen, J., J. Miller-Garvin, K. Waldron, and D. Viands. 2001. Reducing damage from potato 
leafhoppers on alfalfa in New York through cultivar selection: A comparison of resistant 
vs. susceptible cultivars under insecticide treatment and no treatment (third production 
year). In  2000 New York State Livestock and Field Crops Project Reports Relating to 
IPM. NYS IPM Publ. 320. P. 21-33. 

Hanson, A.A. , and H.L. Carnahan. 1956. Breeding perennial forage grasses. USDA Tech. Bull. 
1145. 

Harlan, J.R. 1975. Crops and man. Am. Soc. Agron., Madison. 
Hatfield, R.D.  1992.  Carbohydrate composition of alfalfa cell walls isolated from stem sections 

differing in maturity.  J. Agric. Food Chem. 40:424-430. 
Hatfield, R.D., and R.R. Smith.  1995.  Pectic polysaccharides in cell walls of forage legumes.  

Agron. Abstr. 162-163. 
Hays, W.M. 1892. Improvement of timothy. Minnesota Agric. Exp. Stn. Bull 20:4546. 
Hayward, M.D. 1970. Selection and survival in Lollium perenne L. Heredity 25:441-447. 
Hill, R.R. , Jr. , and K.T. Leath. 1979. Comparison of four methods of selection for resistance to 

Leptosphaerulina briosiana in alfalfa. Can. J. Genet. Cytol. 21:179-186. 
Hill, R.R., Jr. 1975. Parental inbreeding and performance of alfalfa single crosses. Crop Sci. 

1975. 15: 373-375. 
Hill, R.R., Jr., and K. E. Zeiders. 1987. Among and within population variability for forage yield 

and fusarium resistance in birdsfoot trefoil. Genome 29: 761-764. 
Hill, R.R., Jr., and W.L. Haag. 1974.  Comparison of selection methods for autotetraploids. I. 

Theoretical. Crop Sci. 14:587-590. 
Hoyt, C.D., and W.H. Hargrove. 1986. Legume cover crops for improving crop and soil 

management in the southern United States. Hort. Sci. 21:397-402. 
Huff, D.R.  1996.  Molecular characterization of heterogeneous turfgrass cultivars.  Proc. Grass 

Breeders Work Planning Conf. 15-17 Sept. 1996.  Griffin, GA.  (in press). 



 28

Huff, D.R., Peakall, R., and P.E. Smouse.  1993.  RAPD variation within and among natural 
populations of outcrossing buffalograss [Buchloe dactyloides (Nutt.) Engelm.].  Theor. 
Appl. Genet. 86:927-934. 

Jenkin, T.J. 1943. Aberystwyth strains of grasses and clovers. Agriculture (London) 50:343-349. 
Johnson L.B., and Palmer J.D. 1989. Heteroplasmy of chloroplast DNA in Medicago. Plant Mol. 

Biol. 12: 3-11. 
Jolliffe, P.A. 1997. Are mixed populations of plant species more productive than pure stands? 

Oikos 80: 595-602. 
Jung, H.G. 1996. Breeding for improved forage quality in alfalfa: an animal nutritionist’s view. 

35th North Amer. Alfalfa Improv. Conf. 16-19 June 1996. Oklahoma City, OK. 
Kallenbach, R.L., McGraw, R.L., Beuselinck, P.R. and Roberts, C.A. Summer and autumn 

growth of rhizomatous birdsfoot trefoil. Agron. J. 41: 149-156. 2001. 
Karn, J.F. , J.M. Krupinsky, and J.D. Berdahl. 1989. Nutritive quality of foliar disease resistant 

and susceptible strains of intermediate wheatgrass. Crop Sci. 29:436-439. 
Kidwell, K.K., D.F. Austin, and T.C. Osborn.  1994.  RFLP evaluation of nine Medicago 

accessions representing the original germplasm sources for North American alfalfa 
cultivars.  Crop Sci.  34:230-236. 

Kisha T.J., Johnson R.C., Skinner D.Z., and Greene S.L. 2001. Comparison of Molecular Marker 
Types for Characterization of Alfalfa Accessions. Crop Science (in press). 

Kiss, G.B., G. Csanadi, K. Kalman, P. Kalo, and L. Okresz.  1993.  Construction of a basic 
genetic map for alfalfa using RFLP, RAPD, isozyme and morphological markers.  Mol. 
Gen. Genet.  238:129-137. 

Laird, D.A., T.E. Fenton, and A.D. Scott. 1988.  Layer charge of smectites in an Argialboll-
Argiaquoll sequence.  Soil Sci. Soc. Am. J. 52:463:467. 

Lambombarda P., Pupilli F., and Arcioni S. 2000. Optimal population size for RFLP-assisted 
cultivar identification in alfalfa (Medicago sativa L.), Agronomie 20:233-240. 

Landström, S., L. Lomakka, and S. Andersson.  1996.  Harvest in spring improves yield and 
quality of reed canarygrass as a bioenergy crop.  Biomass and Bioenergy 11:333-341. 

Larsen, H.J., and R.F. Johannes. 1965. Summer forage. Stored feeding, green feeding, and strip 
grazing. Wisconsin Agr. Exp. Stn. Res. Bull. 257. 

Lee, M., E.B. Godshalk,  K.R. Lamkey, and W.W. Woodman.  1989.  Association of restriction 
fragment length polymorphisms among maize inbreds with agronomic performance of their 
crosses.  Crop Sci. 29:1067-1071. 

Levy, E.B. 1932. New Zealand pasture seeds. What the dominion has to offer. N. Z. J. Agric. 
44:253-262. 

Lockridge, L. D. 1971. Soil Survey of Wayne County, Iowa. USDA-SCS. 
Lorenz, R.J. 1982. Alfalfa in western grazing management systems. p. 1-3 In Alfalfa for dryland 

grazing. USDA-ARS Agric. Inform. Bull. 444. 
Lynd, L.R., J.H. Cushman, R.J. Nichols, and C.E. Wyman.  1991.  Fuel ethanol from cellulosic 

biomass.  Science 251:1318-1323. 
Marten, G.C., C.E. Clapp, W.E. Larson.  1980.  Effects of municipal waste water effluent on 

performance and feed quality of maize vs. reed canarygrass.  J. Environ. Quality 9:137-41. 
McLaughlin, S., J. Bouton, D. Bransby, R. Conger, W. Ocompaugh, D. Parrish, C. Talliaferro, 

K. Vogel, and S. Wullschleger.  1997.  Evaluating and improving switchgrass as a 
bioenergy crop.  p. 137-143.  In: Making a business from biomass.  Vol. 1.  R.P. Overend 
and E. Chornet (eds.)  Proc. 3rd Biomass Conf. of the Americas.  Pergamon, Oxford, UK. 



 29

McLaughlin, S.B.  1993.  New switchgrass biofuels research program for the southeast.  In:  
Proc. 1992 Annual Automotive Technol. Dev. Contractor’s Coordinating Meeting, 2-5 
Nov. 1992, Dearborn, MI.  p. 111-115. 

Miller, D.A., P.R. Beuselinck, I.T. Carlson, and L.J. Elling. 1983. NC-83 birdsfoot trefoil 
germplasm. Crop Sci. 23:1017. 

Moore, K.J., K.P. Vogel, T.J. Klopfenstein, and B.E. Anderson.  1995.  Evaluation of four 
intermediate wheatgrass populations under grazing.  Agron. J. 87:744-747. 

Murphy, W.M., A.R. Gotlieb, and D.T. Dugdale. 1985. The effects of fusarium wilt and weed 
control on survival of birdsfoot trefoil. Can J. Plant Sci. 65: 329-334. 

Myers, C.F., J. Meek, S. Tuller, and A. Weinberg. 1985. Nonpoint sources of water pollution. J. 
Soil Water Cons. 40:14-18. 

National Research Council. 1989. Alternative agriculture. National Academy Press, Washington, 
DC. 

Nichols, J.T., and J.R. Johnson. 1969. Range productivity as influenced by biennial sweetclover 
in western South Dakota. J. Range Manage. 22: 342-347. 

Nualsri, C., and P.R. Beuselinck. Rhizomatous Lotus corniculatus L. IV. Inheritance of 
rhizomes. Crop Sci. 38:1175-1179. 1998. Describes the inheritance of the rhizomatous trait 
in L. corniculatus. 

Oldfield, J.E. , W.F. Wedin, P.K. Fay, et al. 1986. Forages: resources for the future. CAST Rep. 
No. 108. 

Papadopolous, Y.A., J. Kimpinski, B.R. Christie, K.B. McRae, D.R. Viands, R.R. Smith, N.J. 
Ehlke, C.E. Gallant, and S.A.E. Fillmore. 1995. Susceptibility of birdsfoot trefoil varieties 
to invasion of root-lesion nematodes. In Proc. of the 11th Eastern Forage Improv. Conf., 
Ottawa, Ontario, Canada. p. 45-46. 

Patton, J.J. 1999. Soil morphology in Amish and conventional fields throughout the central 
United States.  Unpubl. MS thesis, Iowa State University, Ames. 

Pettit, R.E., O.H. Calvert, and J.D. Baldridge. 1966. Leptodiscus terrestris colonization of 
birdsfoot trefoil roots in Missouri. Plant Dis. Rep. 50: 753-755. 

Pettit, R.E., O.H. Calvert, and J.D. Baldridge. 1969. Pathogenicity and virulence of 
Mycoleptodiscus terrestris to birdsfoot trefoil. Phytopathology 59: 1203-1208. 

Pfeiffer , T. W., and  E.T. Bingham. 1983. Improvement of fertility and herbage yield by 
selection within two-allele populations of alfalfa.  Crop Sci. 23: 633-636. 

Phillips, D.A., L.R. Teuber, and S.S. Jue. 1982. Variation among alfalfa genotypes for reduced 
nitrogen concentration. Crop Sci. 22:606-610. 

Phillips, R.L. and I.K. Vasil (ed.)  2001.  DNA-based markers in plants. 2nd Ed.  Kluwer: 
Dordrecht. 

Posler, G.L., A.W. Lenssen, and G.L. Fine. 1993. Forage yield, quality, compatibility, and 
persistence of warm-season grass-legume mixtures. Agron. J. 85: 554-559. 

Power, J.F. 1987. Legumes: Their potential role in agricultural production.  Amer. J. Alt. Agric. 
2:69-73. 

Prevost A., and Wilkinson M.J. 1999. A new system of comparing PCR primers applied to ISSR 
fingerprinting of potato cultivars. Theor. and Applied Gen. 98:107-112. 

Prill, R.C. 1960. Soil survey of Lucas County, Iowa.  USDA-SCS. 
Reganold, J.P. , L.F. Elliot, and Y.L. linger. 1987. Long- term effects of organic and 

conventional farming on soil erosion. Nature 330:370-372. 



 30

Rhodes, I. 1969. The relationship between productivity and some components of canopy 
structure in ryegrass (Lolium spp.). I. Leaf length. J. Agric. Sci. 73:315-319. 

Rhodes, M.J.C.  1985.  The physiological significance of plant phenolic compounds.  p. 99-117.  
In C.F. Van Sumere and P.J. Lea (Ed.) Annu. Proc. Phytochemical Soc. of Europe.  Vol. 
25.  The biochemistry of plant phenolics.  Clarendon Press, Oxford. 

Riday, H., and E.C. Brummer.  2002.  Forage yield heterosis in alfalfa.  Crop Sci.  42:[in press]. 
Ries, R.E. 1982. Environmental factors and alfalfa persistence in dryland pastures and rangeland. 

p. 4-7 In Alfalfa for dryland grazing. USDA-ARS Agric. Inform. Bull. 444. 
Rotili, P. 1976. Performance of diallel crosses and second generation synthetics of alfalfa derived 

from partly inbred parents. I. Forage yield. Crop Sci. 16: 247-251. 
Rotili, P. 1992. Methods and procedure in variety constitution.  Proc. Eucarpia Medicago conf. 

Lodi, Italy, p 499-508 
Rotili, P., T.H. Busbice, and Y. Demarly. 1996. Breeding and variety constitution in alfalfa: 

present and future. Grassland and Land Use System 16th European Grassl.  Fed. Meeting, 
163-180. 

Rotili. P., and L. Zannone. 1974.  General and specific combining ability in lucerne at different 
levels of inbreeding and performance of second generation synthetics measured in 
competitive conditions. Euphytica 23: 569-577. 

Rowe, D.E., and G.E. Brink. 1993. Heritabilities and genetic correlations of white clover clones 
grown in three environments. Crop Sci. 33:1149-1152. 

Rowe, D.E., and R.R. Hill, Jr. 1984. Theoretical improvement of autotetraploid crops: 
Interpopulation and intrapopulation selection. USDA Tech. Bull.1689. U.S. Government 
Printing Office, Washington, DC. 

Rumbaugh, M.D. 1979. N.E. Hansen’s contributions to alfalfa breeding in North America. South 
Dakota Agric. Exp. Stn. Bull. 665. 

Rumbaugh, M.D. 1982. Reseeding by eight alfalfa populations in a semiarid pasture. J. Range 
Manage. 35: 84-86. 

Rumbaugh, M.D., J.L. Caddel, and D.E. Rowe. 1988. Breeding and quantitative genetics. In 
Alfalfa and alfalfa improvement. Eds. A.A. Hanson, D.K. Barnes, and R.R. Hill, Jr. 
Agronomy 29:777-808. 

Rumbaugh, M.D., W.L. Craves, J.L. Caddel, and R.M. Mohammad. 1988. Variability in a 
collection of alfalfa germplasm from Morocco. Crop Sci. 28:605-609. 

Sanderson,  M.A., R.L. Reed, S.B. McLaughlin, S.D. Wullschleger, B.V. Conger, D.J. Parrish, 
D.D. Wolf, C. Taliaferro, A.A. Hopkins, W.R. Ocumpaugh, M.A. Hussey, J.C. Read, and 
C.R. Tischler.  1996.  Switchgrass as a sustainable bioenergy crop.  Bioresource Tech.  
56:83-93. 

SAS,  1989a. SAS/IML Software:Usage and Reference, Version 6. SAS Institute Inc., Cary, NC.  
SAS,  1989b. SAS/STAT Users Guide, Version 6. SAS Institute Inc., Cary, NC. 
Sheath, G.W., and J. Hodgson. 1989. Plant-animal factors influencing legume persistence. p 361-

372. In Marten, G.C.,   A.G. Matches, R.F. Barnes, R.W. Brougham, R.J. Clements,   and 
G.W. Sheath. (Ed.) Persistence of Forage Legumes.   Madison, WI, USA: 
ASA/CSSA/SSSA. 

Sims, J.R., S. Koala, R.L. Ditterline, and L.E. Wiesner.  1985.  Registration of ‘George' black 
medic.  Crop Sci.  25:709-710. 

Skinner, D. Z. 2000. Nonrandom hypervariability in chloroplast DNA of Medicago sativa. 
Theor. and Applied Gen. 101:107-114. 



 31

Skinner, D.Z., J.O. Fritz, and L.L. Klocke.  1994.  Protein degradability in an array of alfalfa 
germplasm sources.  Crop Sci. 34:1396-1399. 

Sleper, D.A., and C.J. Nelson. 1989. Productivity of selected high and low leaf area expansion 
Festuca arundinacea strains. p. 379-380.  In Proc. 16th Intl. Grassl. Congr. 4 -11 October 
1989. Nice, France. French Grassl. Soc. 

Smith S.E., and Mogensen H.L. 1999. Genetics, Ultrastructure and adaptive significance of 
organellar genome inheritance in alfalfa. Alfalfa Genome Conference pp 1-15. 

Smith, D.C. 1948. The breeder's ways and means. p. 331-341 A. Stefferud (ed.) Grass, The 
yearbook of agriculture, 1948. U.S. Govt. Print. Office, Washington, DC. 

Smith, R.R., and A.E. Kretschmer, Jr. 1989. Breeding and genetics of legume persistence. p. 
541-552. In G.C. Marten et al. (ed.) Persistence of forage legumes. Am. Soc. Agron., 
Madison. 

Smith, R.R., and C.R. Grau. 1998. First report of Mycoleptodiscus terrestris infecting forage 
legumes and soybeans in Wisconsin. Plant Disease 82:126. 

Smith, R.R., and C.R. Grau. 1999. Selection for resistance to Mycoleptodiscus in red clover and 
trefoil. Agron. Abst. p.73. 

Smith, S.J., I. Ridge, and R.M. Morris.  1985.  The biomass potential of seasonally flooded 
wetlands.  p. 190-195.  In:  Bioenergy 84, Vol. II, Biomass Resources.  H. Egnéus and A. 
Ellegård (eds.)  Elsevier, London. 

Snaydon, R.W. 1978. Genetic changes in pasture populations. p. 253-269. In J.R. Wilson (ed.) 
Plant relations in pastures. CSIRO, East Melbourne. 

Snaydon, R.W., and M.W. Davies. 1972. Rapid population differentiation in a mosaic 
environment. 7I. Morphological variation in Anthoxanthum odoratum. Evolution 26:390-
405. 

Springer, T.L., G.E. Aiken, and R.W. McNew. 2001. Combining ability of binary mixtures of 
native, warm-season grasses and legumes. Crop Sci. 41: 818-823. 

Sriwatanapongse, S., and C.P. Wilsie.  1968.  Intra- and intervariety crosses of Medicago sativa 
L. and Medicago falcata L.  Crop Sci. 8:465-466. 

Stapledon, R.C. 1928. Cocksfoot grass (Dactylis glomerata L.): ecotypes in relation to the biotic 
factor. J. Ecol. 16:71-104. 

States.  p. 465-480.  In:  Energy from biomass and waste, XIV.  D.L. Klass (ed.)  Institute of Gas 
Technol., Chicago, IL. 

Stinner, B.R., and D.H. Stinner. 1989. Plant-animal interactions in agricultural ecosystems. p. 
355-442 In W.G. Abrahamson (ed.) Plant-animal interactions. McGraw-Hill, N.Y. 

Stokes, S.R., W.H. Hoover, T.K. Miller, and R. Blauweikel.  1991.  Ruminal digestion and 
microbial utilization of diets varying in type of carbohydrate and protein. J. Dairy. Sci. 74: 
871-881.  

Stokes, S.R., W.H. Hoover, T.K. Miller, and R.P. Manski.  1991.  Impact of carbohydrate and 
protein levels on bacterial metabolism in continuous culture.  J. Dairy. Sci. 74:860-870.  

Stratton, S.D., and H.W. Ohm. 1989.   Relationship between orchardgrass seed production in 
Indiana and Oregon. Crop Sci. 29:908-913. 

Tavoletti, S., F. Veronesi, and T.C. Osborn.  1995.  RFLP linkage map of an alfalfa meiotic 
mutant based on an F1 population. J. Hered. 87:167-170. 

Thons, H., and S. Prufer.  1991.  Indigenous grasses as renewable raw materials.  Feldwirtshaft 
32:168-71. 



 32

Tillapaugh, B.P. 1995. Assessment of cultural practices and diseases affecting the establishment 
and persistence of Norcen birdsfoot trefoil (Lotus corniculatus L.) in New York. M.S. 
Thesis. NY University. 101 pp. 

Tilman, D., D. Wedin, and J. Knops. 1996. Productivity and sustainability influenced by 
biodiversity in grassland ecosystems. Nature 379: 718-720. 

Tilman, D., J. Knops, D. Wedin, P. Reich, M. Ritchie, and E. Siemann.  1997.  The influence of 
functional diversity and composition on ecosystem processes.  Science 277:1300-1302. 

Tilman, D., P.B. Reich, J. Knops, D. Wedin, T. Mielke, and C. Lehman.  2001.  Diversity and 
productivity in a long-term grassland experiment.  Science 294:843-845. 

Titgemeyer, E.C., L.D. Bourquin, G.C. Fahey, Jr., and K.A. Garleb.  1991.  Fermentability of 
various fiber sources by human fecal bacteria in vitro.  Am. J. Clin. Nutr. 53:1418-1424. 

Turkington, R. and P.B. Cavers.  1979.  The biology of Canadian weeds.  33.  Medicago lupulina 
L.  Can. J. Plant Sci.  59:99-110. 

USDA.  1987.   Agricultural resources - cropland, water, and conservation situation and outlook 
report.  AR-8.    Economic Research Service.  Washington, DC. 

USDA.  1987.  Basic Statistics 1982 National Resources Inventory.  Soil Conservation Service, 
Iowa State University Statistical Laboratory, Statistical Bull. No. 756, Sept. 1987. 

van Dijk, G.E. 1955. The influence of sward-age and management on the type of timothy and 
cocksfoot. Euphytica 4:83-93. 

van Dijk, G.E. 1983. Spaced plants in swards as a testing procedure in grass breeding. p. 130-132 
In J.A. Smith and V.W. Hays (ed.) Proc. 14th Intl. Grassl. Congr. 15 to 24 June 1981. 
Westview Press, Boulder, CO. 

Van Soest, P.J. 1982. Nutritional ecology of the ruminant. 0 & B Books, Inc. Corvallis. 
Van Soest, P.J. 1995. What constitutes alfalfa quality: new considerations.  p. 1-15. In 25th Nat. 

Alfalfa Symposium. 27-28 February 1995. Liverpool, NY. 
Vogel, K.P., F.A. Haskins, and H.J. Corz. 1981. Divergent selection for in vitro dry matter 

digestibility in switchgrass. Crop Sci. 21:39-41.  
Voigt, P.W. 1968. Tester performance level in topcrosses of smooth bromegrass, Bromus 

inermis Leyss. Crop Sci. 8:532-534. 
Voisin, A. 1988. Grass productivity. Island Press, Washington, DC. 
Vose, P.B. 1963. Varietal differences in plant nutrition. Herbage Abstr. 33:1-13. 
Wadleigh, C.H., L.M. Glymph, and H.N. Holton. 1974. Grasslands in relation to water resources. 

p. 15-42 In H.B. Sprague (ed.) Grasslands of the United States. Their economic and 
ecologic importance. Iowa State Univ. Press, Ames, IA. 

Wang, H., M. Qi, and Cutler A.J. 1993. A simple method of preparing plant samples for PCR. 
Nucleic Acids Research 21:4153-4154. 

Wayne, D.W. 1990. Applied nonparametric statistics. 2nd ed. PWS-Kent Publications, Boston 
MA. pp 330-341. 

Willis, C.B., J.L. Townsend, R.V. Anderson, J. Kimpinski, R.H. Mulvey, J.W. Potter, J. 
Santerre, and L.Y. Wu. 1976. Species of plant-parasitic nematodes associated with forage 
crops in Eastern Canada. Plant  Dis. Rep. 60: 207-210. 

Winberg, R. M., C.R. Grau, D.K. Sharpee, and R.R. Smith. Sporulation of Mycoleptodiscus 
terrestris on a synthetic culture medium. Proc. XV Trifolium Conference. C.R. Grau and 
R.R. Smith (eds.). p. 20. June 10-12, 1998. Madison, WI. 



 33

Wischmeier, W.H., and D.D. Smith. 1978. Predicting rainfall erosion losses--a guide to 
conservation planning. USDA Agric. Handb. 537. U.S. Govt. Print. Office, Washington, 
DC. 

Woledge, J., A. Reyneri, V. Tewson, and A. J. Parsons. 1992. The effect of cutting on the 
proportions of perennial ryegrass and white clover in mixtures. Grass Forage Sci. 47:169-
179. 

Wright, N.A.  1988.  Screening of herbaceous species for energy crops on wet soils in Ohio.  p. 
263-267.  In:  Advances in New Crops.  J. Janick and J.E. Simon (eds.)  Timber Press, 
Portland, OR. 

Xu, W.W., D.A. Sleper, and G.F. Krause.  1994.  Genetic diversity of tall fescue germplasm 
based on RFLPs.  Crop Sci. 34:246-252. 

Xu, W.W., D.A. Sleper, and S. Chao.  1995.  Genome mapping of polyploid tall fescue (Festuca 
arundinacea Schreb.) with RFLP markers.  Theor. Appl. Genet.  91:947-955. 

Yu, K., and K.P. Pauls.  1993.  Rapid estimation of genetic relatedness among heterogeneous 
populations of alfalfa by random amplification of bulked genomic DNA samples.  Theor. 
Appl. Genet.  86:788-794. 

Zannone, L., P. Rotili, R. Paoletti, and C. Scotti. 1986. Experimental studies of grass-legume 
associations. Agronomie 6:931-940. 

 


