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ABSTRACT 

Potential of Basalt Milkvetch (AstragalusJilipes Torr. Ex A. Gray) Populations and 

Rkizobial Strains for Revegetation and Restoration of Intermountain West 

Rangelands 

Kishor Bhattarai, Master of Science 

Utah State University, 2007 

'Academic Advisor: Dr. Ronald J. Rye1 
Research Advisor: Dr. Douglas A. Johnson 
Department: Wildland Resources 

AstragalusJilipes Torr. Ex A. Gray (basalt milkvetch) is a leguminous plant 

species that has a wide distribution in webtern NO&' America. A series of greenhouse and 

field experiments were conducted to identify rhizobial strains and populations 

(accessions) of basalt milkvetch that have potential for use in revegetation and restoration 

programs in the western U.S.A. In the first greenhouse experiment, six rhizobial strains 

were evaluated with several basalt mikvetch accessions for their N-fixation 

characteristics. Rhizobial treatments and basalt milkvetch accessions exhibited no 

significant interactions for N-fixation characteristics, suggesting that the best rhizobial 

strain was the best across all basalt milkvetch accessions. Plants inoculated with different 

rhizobial strains differed in nodule weight, and number of nodules, but did not differ in 

shoot biomass and root biomass. Significant correlations were detected between nodule 



weight and total N pool (u = 0.48 1, P < 0.0001), and number of nodules and total N 

pool (u = 0.456, P < 0.0001). Total N pool was highly correlated with plant biomass (u.= 

0.934, P < 0.001), and biomass per unit N was negatively correlated to total biomass 

indicating that plants were more efficient in using N as grew bigger. Plants inoculated 

with hizobial strain 1-49 had the'greatest nodule weight and number of nodules 

cornparedto plants inoculated with other rhizobial inocula. In the second greenhouse 

experiment, plants inoculated with 1-49 also had the highest shoot N pool, total N pool, 

and number of nodules compared to all other rhizobial inocula, except 1-48. As a result, 

rhizobial strain 1-49 was the best rhizobial strain in both greenhouse experiments. 

Common garden field experiments were conducted at two sites in northern Utah 

(Evans Farm and Millville) in 2005 and 2006. The results fiom Evans Farm showed that 

accessions fiom north central Oregon exhibited high biomass yield in summer and fall in 

both years. Accessions fiom Nevada, Washington, and ~ t a h ,  and some accessions fiorn 

Oregon and Idaho showed poor biomass production in both summer and fall. Forage 

quality was measured by crude protein concentration, neutral detergent fiber O F ) ,  and 

acid detergent fiber (ADF). ADF and NDF were positively correlated with biomass yield. 

Accessions with high and low biomass differed little for crude protein concentration, 

ADF, and NDF. Accessions with high biomass yields (Af-5, Af-29, Af-33) did not differ 

fiom accessions with low biomass yields (AF-20, Af-54, Af-69) for ADF and NDF. Also, 

accessions with high biomass yield had a high crude protein pool. At Millville, 

accessions from north central Oregon also showed high biomass and seed yield. Seed 

weight per 100 seeds varied among basalt milkvetch accessions, and positive correlations 

of seed weight and biomass indicated that accessions &th high biomass yields had a 



tendency to produce heavier seeds. No significant interaction between insecticide 

treatment and basalt milkvetch accessions for seed yield indicated that there was no 

preferential seed predation for one accession over another. Significant seed predation was 

observed in 2006, but not in 2005, wxch could be due to the high seed yields and greater 

numbers of seed predators. High correlations between number of stems and biomass and 

between number of stems and seed yield indicated that number of stems is a good 

predictor of high biomass and seed production in basalt milkvetch. Results indicated that 

1-49 rhizobial strain and accessions fkom north central Oregon have the most promise for 

plant improvement efforts with basalt milkvetch. 

(128 pages) 
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CHAPTER 1 

BACKGROUND 

The objective of my studies was to evaluate various collections of basalt 

milkvetch for their possible differences in biomass production, forage quality, and seed 

production. In addition, I was interested in determining the best rhizobial strains for 

maximizing biological N fixation in basalt milkvetch. Also, I was interested to know if 

there was an effect of seed predation on seed yield, preferential seed predation of seed 

predators across basalt milkvetch accessions, and different performance of rhizobial 

strains for N fixation across basalt millvetch accessions. Studies were conducted at two 

field sites and in a greenhouse in northern Utah in 2005 and 2006. Data collected in the 

studies will form the basis for identifying the most promising collections of basalt 

milkcvetch and their associated rhizobial strains for eventual use in revegetation and 

restoration efforts on rangelands of the western U.S.A. 

Rangelands cover about half of the total land area of the world (Horn 1995). 

About 400 million ha (42 %) of total land area in the U.S.A. is used for grazing (Bovey 

1987), out of which 177 million ha are public rangelands in the western U.S.A. (Baca 

1995). Areas classified as rangeland are often too dry, rocky, steep, or cold to fain or 

practice forestry (World Resources Institute 1986). However, rangelands provide 40 % of 

the cattle feed in the U.S.A. (Horn 1995) and are important for wildlife, recreation, 

minerals, and watersheds. The Great Basin lies in the Intermountain Region of the 

western U.S.A. and is located between the Rocky Mountains on the east and Sierra- 

Nevada and Cascade Mountains on the west. Sagebrush steppe and more arid semi-desert 



2 
ecosystems (West 1983) cover an estimated total land area of 40 million ha (MacMal~on 

1979). 

Precipitation, fire, and herbivory are the external factors that drive communities 

of annual grasses, perennial grasses, and woody shrubs in rangeland ecosystems (Noy- 

Meir 1973). Overgrazing, invasion by exotic weedy species, redistribution of water 

resources, fragmentation of habitat, and alteration of fire regimes since European 

settlement have changed the botanical composition of the Great Basin from diverse native 

plant communities to expansive areas dominated by invasive weeds (Miller et al. 1994). 

In some cases, fire suppression has resulted in juniper (Juniperus spp.) encroachment in 

higher elevations of the Intermountain Region, which has reduced forage availability and 

increased soil erosion (Miller et al. 1994). In other cases, cheatgrass (Bromus tectorunz 

L.) invasion has resulted in increased fire frequency (Whisenant 1990), which has 

decreased native perennial plant species. These burned areas are highly susceptible to 

erosion, which has a negative impact on watershed values. Although the importance of 

native plant species for wildlife habitat and forage was realized as early as the 1930s 

(Richards et al. 1998), most rehabilitation projects prior to 1980 used introduced species 

to protect soils and watersheds and increase forage availability (Johnson et al. 1989; Pyle 

et al. 2003). Native plant species were typically difficult to establish, less commercially 

available, and had a high cost (Rurnbaugh 1983; Pellant and Monsen 1993). 

Despite high amounts of N in the atmosphere (about 79 %), plant growth is often 

limited by a lack of N because atmospheric N is unusable to most living organisms 

(Major 1973). Low vegetation cover coupled with wind erosion make soils in arid and 

semiarid areas low in organic matter (Diaz et al. 1994). As a result, N is particularly 
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limiting on arid and semiarid rangelands (Sprent 1985; Zalwan 1999; Trubat et al. 2006). 

Site productivity can often be improved by adding N to the site if other ecological factors 

are not limiting. Addition of N can be done by either adding N fertilizer to the soil or 

tlwough increased biological N fixation (BNF). BNF is the process that changes inert Nz 

to biologically usable NH3 (Major 1973) and contributes about 60 % of total fixed N per 

year (Zahran 1999). In terrestrial systems, legume-rhizobial symbiosis is prominent and 

alone accounts for at least 70 million tons of fixed N per year (Brockwell et al. 1995). 

The applicatidn of fertilizer to rangelands is not economically feasible and ecologically 

sustainable. Fertilization can acidifl soils and leach nitrates, which can cause 

eutrophication of water bodies (Bantilan and Johansen 1995). Also, soil acidification can 

change species competition in plant cornmunities, which can change local biodiversity. 

The incorporation of legumes into pasture and rangeland ecosystems is a 

sustainable approach that can help increase soil N and improve forage N content (Haynes 

1980; Legard and Steele 1992; Posler et al. 1993; Aydin and Uzun 2005), improve 

wildlife forage and habitat (Madison and Robe1 2001), and increase biodiversity, which 

in turn increases ecosystem stability (Tilmnan 2000). Hogh-Jensen and Schjoerring (2000) 

showed that legumes can increase productivity of non-leguminous neighbors by releasing 

symbiotically fixed N through mycorrhizal hyphae. Similarly, van der Heijden et al. 

(2006) documented that Lotus corniculatus L., Ononis repens L., and Trifolium repens L. 

increased productivity of associated grasses and forbs by reducing the competition for 

limited soil N. Also, legumes contained more protein and less fiber than grasses at similar 

stages of growth (Cherney and Allen 1995). 
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Failure to form root nodules with effective rhizobia on host legume plants 

impedes legume establishment in rangelands and makes them less desirable in 

revegetation programs (Gonzalez-Andres and Ortiz 1996). Infective and effective 

rhizobia are essential for BNF. For example, N concentration in several legumes (Lotus 

corniculatus L., Ononis repens L., and Tr.ifolium repens L.) was almost twofold greater 

when inoculated with rhizobia compared to no rliizobial inoculation (van der Heijden et 

al. 2006). Indigenous rhizobial populations are typically more competitive compared to 

introduced rlzizobial strains because they are well adapted to the local environment. For 

example, plants of Astragalus sinicus L. that were inoculated with an indigenous 

rhizobial strain 1 week after inoculation with an introduced strain did better than plants 

inoculated with the introduced strain (Malek et al. 1998). Although the introduced strain 

formed active nodules when inoculated alone, it was less competitive than the indigenous 

strain. This has been documented in several other studies (Icgen et al. 2002; Musiyiwa et 

al. 2005). Another study that examined the survival of rhizobial strains revealed that a 

rhizobial strain of mesquite (Prosopis spp.) isolated from desert soil survived for 1 month 

in desert soil, whereas a commercial, introduced strain was unable to survive under these 

conditions (Shoushtari and Pepper 1985). 

With increased emphases on restoration of ecosystem integrity in western 

rangelands of the U. S .A. (Roundy et al. 1995), there has been increased demand for 

native plant species for revegetation and restoration projects (Riclzards et al. 1998). 

Restoration of native vegetation in degraded landscapes can allow regeneration of 

ecosystem function (Hobbs and Harris 2001), which is a primary goal of conservation 

ecology (Young 2000; Hobbs and Harris 2001). Soil rhizobial populations form a 
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symbiotic relationship with leguminous plants that converts atmospheric N into a 

biologically usable N form (Major 1973), which promotes plant growth in N-limited 

environments. Restoring symbiotic elements into degraded rangelands is an important 

step in re-establishing native vegetation (Clay and Holah 1999; Requena et al. 2001; 

Bruno et al. 2003; van der Heijden et al. 2006) because rhizobia are considered 

ecosystem engineers (Crooks 2002). Rhizobial strains that are capable of infecting host 

plants (infectiveness) and provide for high levels of N fixation (effectiveness) increase 

the chance of successful nodulation with the host plant and their long-term persistence in 

the soil (Shoushtari and Pepper 1985). Restoring native plants in rangeland ecosystems 

makes ecosystem services sustainable. Although some native grasses and s h b s  are 

available for revegetating rangelands in the Intermountain West, native forbs (particularly 

legumes) are not widely used because of low seed availability and difficulty of 

establishment (Rumbaugh 1983). Pyke et al. (2003) compared the establishment success 

of native plant species to introduced species in revegetation programs in the Great Basin 

and found that a number of native species established as well as introduced ones. 

Legumes in particular have the ability to grow in N-deficient soils, which are common in 

semiarid regions (Zahran 1999). 

AstragalusJilipes Tom. ex A. Gray, commonly called threadstalk milkvetch or 

basalt milkvetch, is a leguminous species that has a wide distribution in the western 

U.S.A. and is found in northern Mexico to southern British Columbia, Canada. Basalt 

milkvetch grows in sites that range from 200 to 2,500 m elevation and with annual 

precipitation ranging from 127 to 741 mm. It is possibly one of the mast abundant and 

widely distributed Astragalus species in the western U.S.A. (Isely 1998). Most 
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Astragalus species are toxic to livestock (Rumbaugh 1983; DiTomaso 2000) and may 

have precluded basalt milkvetch from being considered as a candidate for rangeland 

revegetation programs. Recent biochemical analyses, however, showed that levels of 

nitrotoxins, selenium, and swainsonine were non-detectable or extremely low in field 

samples of basalt milkvetch (D. A. Johnson, unpublished data). Also, field observations 

in Nevada and Oregon indicated that basalt milkvetch does well after fire and competes 

well with cheatgrass (D. A. Johnson, unpublished data). 

Because basalt millvetch is a native legume with a wide geographic distribution 

in western North America, it may have potential for use in revegetation and restoration 

programs in the Intermountain West, where fire frequency has increased (Whisenant 

1990). Heterogeneity in basalt milkvetch populations is likely, given its wide-scale 

geographic distribution and adaptation to diverse climates. Evaluation of various 

populations of basalt milkvetch and the subsequent selection of plant populations with 

desirable characteristics is an important first step in developing breeding populations of 

this species. Also, evaluation of associated rhizobial strains is critical to identify rhizobial 
, 

strains .that maximize BNF in N-limited rangeland environments. 
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CHAPTER 2 

RHIZOBIAL STRAIN EVALUATION FOR ASTXAGALUS FILIPES: A NATIVE 

INTRODUCTION 

Despite high amounts of N in the atmosphere (about 79 %), growth of plants is 

often limited by a lack of N because atmospheric N is unusable to most living organisms 

(Major 1973). Soil N is especially limiting in semiarid and arid areas (Sprent 1985; 

Zahran 1999), which typically have shallow soils and low precipitation. Low vegetation 

cover coupled with wind erosion and harsh climate typically results in soils with low 

organic matter (Dim et al. 1994). As a result, N deficiency often limits plant productivity 

on arid and semiarid rangelands (Sprent 1985; Trubat et al. 2006). 

Overgrazing, changing the elements of the natural food web of local systems, 

introducing exotic species, redistributing water resources, fragmenting habitat, and 

controlling fire regimes have changed the natural biological composition of the 

Intermountain Region of the western U.S.A. (Miller et al. 1994). Consequences of such 

activities include invasive species problems, loss of ecosystem function, and 

desertification of natural habitats (Pellant et al. 2004). Regeneration of ecosystem 

function is thus a primary goal of conservation ecology (Young 2000; Hobbs and Harris 

200 I), which can be achieved by restoring native vegetation in a degraded landscape 

Coauthored by Kishor Bhattarai and Douglas A. Jolmson 
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(Hobbs and Harris 2001). Restoring plant-rhizobial elements into such degraded 

landscapes could be a very important step to reestablish native vegetation (Clay and 

Holah 1999; Requena et al. 2001; Bruno et al. 2003; van der Heijden et al. 2006) because 

rhizobia are considered ecosystem engineers (crooks 2002). 

Productivity of a site can often be improved by adding N to the site if other 

ecological factors are not limiting. Addition of N can be done by either adding N 

fertilizer to the soil or through biological N fixation (BNF). BNF is the process that 

changes atmospheric Nt to biologically usable NH3 (Major 1973). BNF in the world is 

estimated to be twofold greater than N fixation by non-biological processes (Lodwig et 

al. 2003). As a result, BNF in natural systems is important and significant. The 

application of fertilizer on rangelands is not economically feasible or ecologically 

sustainable. Also, fertilizer application can acidify soils and leach nitrates, which can 

cause eutrophication of water bodies (Bantilan and Johansen 1995). In addition, soil 

acidification can alter species competitiveness in a community, which can change local 

biodiversity. The addition of legumes and their associated rhizobial strains into pasture 

and rangeland ecosystems represents a sustainable approach that can help increase soil N 

and improve forage N content (Legard and Steele 1992). 

Failure of legumes to develop nodules with effective rhizobial strains makes 

legumes less desirable in revegetation and restoration programs (Gonzalez-Andres and 

Ortiz 1996). Infective and effective rhizobia significantly increase N content in legumes 

and thus promote their growth compared to non-effective rhizobial strains. For example, 

N concentration in legumes was twofold greater when inoculated with rhizobia compared 
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to no rhizobial inoculation in microcosms simulated to represent species-rich dune 

grasslands in Holland (van der Heijden et al. 2006). 

Expression of host and microsymbiont genes is critical in nodule initiation and 

development. Variation in both host and bacterial genomes may affect the sequence of 

nodule development and the expression of the genes involved in nitrogenase activity and 

regulation (Starker et al. 2006). Development of lateral roots is particularly important for 

nodulation. In some cases, root hairs and nodulation occur only after lateral roots emerge 

(Dongre et al. 1985). Before infection of the root hair, Rhizobium binds to the host root 

and elicits root hair curling. The host cell wall is degraded in a pocket formed by the 

curled root hair, and the bacteria invade the cell through the degraded portion of the wall 

(Callaham and Torray 198 1). Plant cell wall material deposited around the bacteria forms 

the infection thread. Meanwhile, meristematic activity in the root cortex is induced and 

gives rise to cells that form the nodule. The infection thread grows into many of these 

new cells, and the rhizobia are then released into the cytoplasm. Bacteria change into a 

bacteroid state by losing their outer membrane, which is evident by a change from a 

spherical to rod shape (Hirsch 1992). At the same time, plant cells start differentiating, 

and nitrogenase activity begins (Cleyet-Mare1 et al. 1990). Rhizobia obtain carbon in the 

form of dicarboxylic acid from the host plant (Udvardi et al. 1988; Lodwig et al, 2003). If 

bacteriods cannot obtain dicarboxylic acid from the host plant, they cannot fix N inside 

the nodules (Udvardi et al. 1988). Change in root morphology in response to rhizobial 

inoculation has been observed as early as 6 h after inoculation (Ehrhardt et al. 1996), and 

nitrogenase activity inside nodules is initiated about 1 week after inoculation (Starker et 

al. 2006). 
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Environmental variables and naturalized rhizobial populations may affect the 

competitive ability of rhizobial strains. Ineffective root nodules that do not fix N also 

may be the result of mutations in the host or bacterial genomes (Starker et al. 2006). 

Number of nodules, nodule weight, and interior nodule color can indicate the status of N 

fixation in a legume plant. Effective rhizobial strains tend to produce large numbers of 

big nodules (Wadisirisuk and Weaver 1985; Laberge et al. 2005; Si~nms et al. 2006). 

However, some studies found that number of nodules and nodule weight are not always 

good indicators for assessing efficiency of symbiotic N fixation in legumes (Gallardo et 

al. 1996; Lodwig et al. 2003; Laberge et al. 2005). Therefore, estimating total N content 

of the host plant is a more reliable method of evaluating the effectiveness of particular 

legume-rhizobial strain combinations (Hardarson and Atkins 2003). A functional nodule 

has a pink to dark-red coloration, which is an indication of the presence of 

leglzaemoglobin, whereas a greenish color typically indicates ineffective nodulation 

(Gwata et al. 2003; Starker et al. 2006). 

Indigenous rhizobial populations are typically more competitive than introduced 

rhizobial strains because they are adaptated to the particular environment. For example, 

Astragalus sinicus L. inoculated with an indigenous rhizobial strain 1 week after 

inoculation with an introduced rhizobial strain was able to outcompete the introduced 

strain (Malek et al. 1998). Although the introduced strain formed active nodules when 

inoculated alone, the introduced strain was less competitive than the native strain. 

Another study that examined the survival of rhizobial strains revealed that a rhizobial 

strain of mesquite (Prosopis spp.) isolated from desert soil survived for 1 month in desert 

soil, whereas a commercial strain was unable to survive under desert conditions 
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(Shoushtari and Pepper 1985). This same pattern has been observed in other studies 

(Icgen et al. 2002; Musiyiwa et al. 2005). 

Rhizobial strains that are capable of infecting host plants (infectiveness) and 

provide for high levels of N fixation (effectiveness) increase the establishment success of 

legumes in natural environments (van der Heijden et al. 2006). Because indigenous 

rhizobia are well adapted to their natural environment, selection of effective rhizobial 

strains from indigenous populations increases the chance of successful nodulation with 

the target host and their longitem persistence in the soil (Shoushtari and Pepper 1985). 

The present study was conducted to identify the most infective and effective rhizobial 

strains of basalt milkvetch (AstragalusJilipes Torr. ex A. Gray), a native legume that 

occurs across a six-state area in the western U.S.A. We were interested in testing the 

hypothesis that indigenous rhizobia fiom across the range of distribution of basalt 

milkvetch differed in their ability to infect and fix N. Also, we were interested in 

knowing if rhizobial isolates differed in N fixation across basalt milkvetch accessions. 

We used host biomass, N pool, number of nodules, and nodule weight to assess 

infectiveness and effectiveness of N fixation. 

MATERIALS AND METHODS 

Rhizobial Isolations 

Soil samples were collected beneath plants of basalt milkvetch from 79 field sites 

across 6 states of the western U.S.A. including Utah, Idaho, Neveda, Washington, 



Oregon, and California. After removing the top 1 to 3 cm of surface material to 

eliminate litter, soil was excavated from a soil volume about 25 cm in diameter and 25 

cm deep. Soil samples were brought back from the field and air-dried in a greenhouse. 

Soils from all sampling sites were mixed together and sieved through a series of screens 

in-a sieve shaker-(Model Aggra-Shaker, Soil Test Inc., Evanston, IL) to homogenize the 

soil samples and remove roots, rocks, litter, and seeds. We used this sieved soil as a 

rhizobial inoculant source. 

I Seeds of 6 basalt milkvetch accessions (Table 2-1) were placed on moistened 

blotter paper, germinated, and transplanted to cone-shaped plastic conetainers (3.8-cm 

diameter, 21-cm length) filled with a sand:peat moss (3: 1) mixture. The seedlings were 

grown in a greenhouse at the USDA-ARS Forage and Range Research Laboratory at 
\ 

Logan, UT (41" 45' N, 110" 48' W, 1,350 m above sea level), under a daylnight 

temperature regime of about 30115 "C and were watered to maintain growth. Seedlings 

were inoculated with homogenized, sieved soil (from above). After about 5 weeks of 

growth, plants of each accession were harvested by carehlly washing the roots free of 

soil. Washed plants of each accession with attached roots and nodules were placed 

between a moistened paper towel, sealed in a Ziploc plastic bag, and sent by overnight 

mail to the Nitragin Company (Milwaukee, WI). One large, pinkish nodule from each of 

2 plants for each of 6 basalt milkvetch accessions was selected and surface sterilized by 

placing in 70 % ethanol for 4 min. The nodule was then removed fiom the 70 % ethanol 

and rinsed thoroughly in sterile, de-ionized water. Four sterile Petri dishes (each 

containing a large drop of sterile de-ionized water) were arranged in sequence, and the 
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Table 2-1. Climatic and geographic information of basalt milkvetch accessions and 
rhizobial inocula with state, elevation, latitude, longitude, mean annual maximum (max) 
and minimum (min) temperatures, and mean annual precipitation (precip). Means are 
averages across 30 years. 

Temperature 
Inoculum Accession State Elevation Latitude (N) Longitude (W) Max Min Precip 

m ------- "C ------ min 
1-16 Af- 16 CA lSB0 41' 53' 120" 18' 15 0 399 
1-30.1 Af-30.1 OR 625 44" 55' 120" 3 1' 14 3 363 
1-4 1 Af-4 1 NV 1,774 41'48' 115" 56' 10 -2 74 1 
1-48 NV 2,347 39' 16' 1 15" 25' 17 0 275 
1-49 NV 2,545 39" 32' 114" 38' 16 0 296 

Af-5 3 " NV 2,258 39" 19' 1 17" 07' 17 1 213 
1-68 Af-68 ID 2,201 44" 20' 113" 31' 1 I -5 342 

Af-75" OR 265 45'37' 1 19' 43' 16 3 258 
Af-89* BC** 915 50' 11' 120" 07' 13 1 489 

* Not used to isolate rhizobial strains 
**British Columbia, Canada 

surface-sterilized nodule was placed in the drop of water in the first dish and crushed 

using a sterilized probe. An inoculating loop was used to mix the crushed nodule 

suspension, and a loopful of this suspension was then transferred to the drop of water in 

the next dish of the sequence. This procedure was repeated until a portion of the nodule 

suspension had been serially transferred to all 4 Petri dishes. Yeast Extract Mannitol 

(YEM) media was prepared by mixing 0.5 g/L K2HP04, 0.2 g/L MgS04, 0.1 g/L NaC1, 

1.0 g/L yeast exbact, and 10.0 g/L rnannitol. Molten YEM agar at about 50 "C was 

poured into each of the 4 Petri dishes. The Petri dishes were swirled; allowed to solidi@ 

in a laminar flow hood, and then incubated until colonies appeared. From each series of 

Petri dishes, a typical, single rhizobial colony was selected and streaked on a YEM agar 

plate. One isolate representing each of the nodules was thus selected. Plates were 

evaluated for uniform and typical rhizobial growth characteristics, and any questionable 
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isolates were discarded. One isolate was then chosen for each of the 6 plant accessions. 

Each of the 6 rhizobial isolates was then grown in YEM broth, mixed in a milled sedge 

peat carrier, placed in separate plastic bags, and shipped to Logan for testing. Each 

rhizobial isolate was isolated by a basalt milkvetch accession and was named after the 

basalt milkvetci accession. Site-number given to each inoculum, therefore, did not 

necessarily indicate that the isolated rhizobial strain was from that particular site. 

Greenhouse Experiment A 

Greenhouse Experiment A was conducted in 2005 with 6 basalt millwetch 

accessions (Af-16, Af-30.1, Af-41, Af-53, Af-68, Af-89) and 8 treatments: 6 rhizobial 

strains 'from the Nitragin Co. (1-1 6,I-30.1,I-41,I-48,I-49,I-68) and 2 control treatments 

(Control with N and Control without N). The 6 basalt milkvetch accessions were 

selected based on their seed availability and representativeness across its range of 

distribution. This experiment was a randomized complete block design of 6 X 8 factors 

with 5 replications. 

Black plastic pots (25-cm deep, 6-cm wide, D40 Deepot, Stuewe and Sons, Inc. 

Corvallis, OR) were filled with commercial washed sand with the bottom of the pots 

covered from inside the pot ivith landscape cloth to eliminate sand loss fkom the pot. 

Seeds were rinsed with 95 % ethanol for 10 sec. and washed with de-ionized water for 6 

successive times to minimize rhizobial contamination on the seed coat. Five seeds were 

sown in each pot. A 1-cm layer of Perlite (Miracle-Gro Lawn Products, Inc., Marysville, 

OH) was added to the top of each pot to minimize contamination by airborne rhizobia. 



Plants were inoculated with respective rhizobial strains using a slurry mix 

because slurry inoculation typically produces earlier nodulation (Brockwell et al. 1988), 

and liquid inoculation methods generally produce more successfbl nodulation than seed 

inoculation or application of alginate bead inoculant (Odee et al. 2002). A 5-mL slurry 

with 1 g rhizobial peat mix per 250 mL of de-ionized water was used for inoculation. The 

rhizobial slurries were applied to each pot by syringe injection into the sand, which was 

done during 3 consecutive weeks after seed sowing or seed transplanting. A total of 50 

mL of water was injected twice a week. 

A stock macronutrient solution was prepared by mixing 200 g of KC1, 50 g of 

CaS04 X 2H20, 50 g of MgS04 X 7H20, and 50 g of CaSH0l3P3 in a mortar with a 

pestle. A ferric citrate solution was made by boiling 6.7 g of ferric citrate solution in 1 L 

of de-ionized water. A micronutrient stock solution was made by mixing 0.57 g of 

H3B03, 0.3 l g  of MnS04 X H20,0.09 g of ZnSO4 X 7H20, 0.08 g of CuS04 X 5H20, 

0.016 g of molybdic acid (85 % Moo3), and 0.0008 g of CoC12 X 6H2O in 1 L of de- 

ionized water. A solution containing 1.3 1 g of macronutrient solution, 0.5 .mL of ferric 

citrate solution, and 5 mL of micronutrient solution was mixed to make 1 L of nutrient 

solution. An appropriate amount of HCl was added to the final nutrient solution to keep 

the pH of the solution between 6.5 to 7.0. A total of 76.5 mL of nutrient solution was 

applied to each container to meet the recommended amount of 50 kglha of K20 for 

legume and grass seedling establishment in nutrient-poor soils. For the N solution, 0.06 g 

of NH4N03 per L of solution was used to achieve the recommended concentration of N 

(50 lglha) for nutrient-deficient soil (Finck 2005) in Greenhouse Experiment A. Because 

nodulation was observed in the Control with N treatment in Greenhouse Experiment A, N 
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concentration was doubled (0.12 g per L) in Greenhouse Experiment B after no leaf 

burning was observed from this fertilizer rate in a preliminary greenhouse experiment. 

Nutrient solution was injected into the conetainers every 2 weeks. 

The number of root nodules was determined at 10 weeks after seed sowing. Roots 

and shoots were separated at the cotyledonary node, and roots were gently washed over a 

fine screen to remove attached sand. Nodules were severed at their point of root 

attachment and counted. Roots, shoots, and nodules were oven dried at 60 OC for 48 h, 

and dry weight was determined. 

Greenhouse Power Test Experiment 

A greenhouse experiment was conducted in 2005 to provide data to determine the 

number of replications needed with a power of 80 % to show statistical significance for 

nodule weight. Nodule weight was used because nodule weight is a better indicator of N 

fixation than number of nodules (Gallardo et al. 1996; Er et al. 2004). This experiment 

involved the same 6 rhizobial treatments and 2 control treatments as above; however, 

only 1 basalt millvetch accession was used (Af-30.1 from Clarno, OR). The experimental 

design of this experiment was a completely randomized block with 8 replications. The 

same procedures were used as above. Based on this experiment, the required sample size 

for determining differences in nodule weight was calculated to be 13 replications (80 % 

power at a = 5 %) (Fig. 2-1). This result was obtained by using GLMPOWER of SAS V 

9.0 (SAS Institute Inc., Cary, NC) with the effect weight of 0.36 g after data were log 

transformed to meet normality and homoscadisticity assumptions. The effect weight was 
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Figure 2-1. The relationship of power to total sample size for the Greenhouse Power Test 
Experiment. 

the difference between treatment 1-49 (most effective rhizobia) and Control with N 

treatment. 

Greenhouse Experiment B 

For Greenhouse Experiment By which was conducted in 2006, only 1 basalt 

milkvetch accession (Af-75 from Boardman, OR) was used. Only one accession was used 

in this experiment because no significant interaction was observed between basalt 

milkvetch accessions and rl~izobial strains in Greenhouse Experiment A. Af-75 was 

chosen because it had a high germination percentage and we had a large number of seeds 

of this accession. This experiment was designed as a randomized complete block with 13 

replications, and the same 8 treatments were used as above. The same pots and sand were 

also used. For this experiment, seeds were placed on moistened blotter paper, germinated; 
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and 3 seedlings were transplanted to minimize differences due to germination time. A 

l-cm layer of Perlite was added to the top of each pot to minimize contamination by 

airborne rhizobia. 

Plants were inoculated with respective rhizobial strains using a 10-mL slurry (1 g 

rhizobial peat mix per 200 mL of de-ionized water). The rhizobial slurries were applied 

to each pot by syringe injection as above. A total of 50 mL of water was injected 3 times 

a week using individual syringes for each treatment as above. Nutrient solution (as 

above) also was injected into the pots every 2 weeks. About 8 weeks after seedling 

transplanting, plants were harvested and shoot weight, root weight, number of nodules, 

and nodule weight were measured in Greenhouse Experiment B. In addition, dried shoots 

and roots were ground with a small electric coffee grinder (KRUPS, Model F 2030-70) 

with a modified top that minimized sample loss while grinding. Ground samples were 

analyzed for total N by Utah State university Analytical Laboratories using total 

combustion procedures (LECO TruSpec C/N analyzer, LECO Corp., St. Joseph, MI). 

Statistical Analysis 

Analysis of variance was conducted on the measured variables to determine 

statistical differences among accessions and treatments using GLM procedure of SAS V 

9.0 (SAS Institute Inc., Cary, NC). Data were transformed, to meet normality and 

homoscadasticity assumptions prior to significance testing. In Greenhouse Experiment A, 

squared root transformation was done for shoot weight, and quarter root transformation 

was done for root weight, number of nodules, and nodule weight. In Greenhouse 
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Experiment A, basalt inillwetch accessions and rhizobial inocula were considered fixed 

factors and blocks were considered random factors. In Greenhouse Experiment B, quarter 

root transformation was done for shoot weight, number of nodules, and nodule weight, 

whereas quarter root transformation was used for shoot N and total N pool. In 

Greenhouse Experiment B, rhizobial inocula were fixed factors and bloclts were random 

factors. Type I11 sums of squares were used for the analysis. To control the familywise 

error rate due to multiple comparisons at a = 5 %, the Ryan-Einot-Gabriel-Welch 

(REGWQ) Method was used as a post hoc mean comparison method. A linear regression 

analysis was done to analyze the relationship between total N content and total biomass 

using SigmaPlot V 10.0 (Systat Software Inc., Richmond, CA). Correlation analysis was 

conducted among measured parameters within rhizobial inocula using SAS. All 

differences discussed in the Results and Discussion sections are significant at P < 0.05 

unless otherwise noted. 

RESULTS 

Greenhouse Experiment A 

Treatments differed significantly for nodule weight and number of nodules (Table 

2-2). Significant differences were observed among accessions for shoot weight, root 

weight, nodule weight, and number of nodules. No significant treatment differences were 

observed for shoot weight or root weight. In Greenhouse Eyperiment A, the treatment by 

accession (T X A) interaction was not significant for any of the measured variables. 



Table 2-2. Analysis of variance results for Greenhouse Experiment A. 

Source of variation d. f. F value P 
Shoot weight 
Treatment (T) 
Accession (A) 
T X A  
Root weight 
Treatment (T) 
Accession (A) 
T X A  
Nodule weight 
Treatment (T) 
Accession (A) 
T X A  
Number of nodules 
Treatment (T) 
Accession (A) 
T X A  3 5 1.2 ns 

ns = not significant, * = P < 0.05, ** = P < 0.01 

Mean comparisons for number of nodules and nodule weight indicated that 1-49 

rhizobial inoculurn Gad the highest nodule weight (1.55 mglplant) and highest number of 

nodules (6 per plant compared to other inoculation treatments (Table 2-3). As expected, 

the 2 control treatments differed significantly from the inoculation treatments and had the 

lowest nodule weight and lowest number of nodules. I-30.1,I-68,I-41,I-16, and 1-48 

were significantly different from the other treatments in nodule weight and number of 

nodules, but did not differ among themselves. These rhizobial inocula were intermediate 

between 1-49 and the 2 control treatments, which had number of nodules ranging from 

1.2 to 1.8 and nodule weights from 2.0 to 2.5. 

Mean comparisons indicated that Af-30.1 and Af-53 had almost double the shoot 

weight (20 and 19 mg) of Af-16, Af-41, Af-68, and Af-89 (range: 9 to 1 1 mg) (Table 
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Table 2-3. Mean comparisons for 6 rhizobial inoculants (I-16,I-30.1,I-41,I-48,I-49, 
1-68) and two control (with N = C/N, no N = C) treatments for number of nodules, shoot 
weight, root weight, and nodule weight fbr Greenhouse Experiment A. 

Treatment Shoot weight Root'weight Nodule weight 
-----------------------------mg------------------------ 

14.8 a' 93.8 a 0.64 b 
13.3 a 66.6 a 0.72 b 
11.3 a 53.2 a 0.36 b 
15.9 a 86.6 a 1.55 a 
13.8 a 75.0 a 0.51 b 
13.2 a 77.7 a 0.53 b 
14.2 a 79.1 a 0.08 c 

Number of nodules 

C/N 14.6 a 82.3 a 0.04 c 0.2 c 
 umbers followed by the same letter within a column are not statistically significant at P 

2-4). Af-30.1 had greater root weight (1 09 mg) than Af-16, Af-41, Af-68, and Af-89 

(range: 55 to 67 mg), except Af-53 (91 mg). Also, Af-53 had greater root weight than Af- 

16 and Af-68. Af-53 produced greater nodule weight (0.9 mg) and number of nodules 

(4.1) than Af-16, Af-68, and Af-89 (with a range of 0.3 to 0.5 mg for nodule weight and 

1.1 to 1.7 for number of nodules). However, Af-30.1 and Af-4 1 were not significantly 

different from other accessions for nodule weight and number of nodules. 

Greenhouse Experiment B 
. 

No significant differences were detected among treatments for root weight (Table 

2-5, Fig 2 - 2 ~ ) .  However, differences were observed among treatments for shoot weight, 

shoot and total N pool, number of nodules, and nodule weight. As expected, the Control 

with N treatment had the greatest shoot weight (17 mg) and differed from 1-30.1 (9 mg), 
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Table 2-4. Mean comparisons for basalt milltvetch accessions (Af- 16, Af-3 0.1, Af-4 1, 
Af-53, Af-68, Af-89) for shoot weight, root weight, nodule weight, and number of 
nodules for Greenhouse Experiment A. 

Shoot Nodule Number of 

Af- 1 6 9.9 b1 60.1 c 0.49 b 1.7 b 
Af-30.1 20.3 a 109.4 a 0.84 ab 2.2 ab 
Af-4 1 11.3 b 63.8 bc 0.34 ab 2.2 ab 
Af-53 18.7 a 90.5 ab 0.88 a 4.1 a 
Af-68 9.3 b 55.3 c 0.37 b 1.1 b 
Af-89 10.6 b 67.2 bc 0.29 b 1.2 b 

 u umbers followed by the same letter within a column are not statistically significant at P 

Table 2-5. ANOVA results for Greenhouse Experiment B. 

Source of variation d.f. Fvalue P 
Shoot weight 7 1.35 * 
~ o o t  weight 7 1.89 ns 
Shoot N pool 7 8.99 * * 
Total N pool 7 8.49 * * 
Numbers of nodules 7 7.57 ** 
Nodule weight 7 8.14 * * 

ns =not significant, * = P < 0.05, ** = P < 0.01 

1-41 (9 mg), and 1-68 (9 mg) (Fig. 2-2A). 1-49 produced a shoot weight of 15 mg weight, 

which was not different from the control with N treatment. The Control with N (0.41.mg) 

and 1-49 (0.33 mg) treatments exhib.ited greater shoot N pool than 1-30.1 (0.15 mg), I- 16 

(0.15 mg), 1-4 1 (0.08 mg), 1-68 (0.14 mg), and Control (no N) (0.14 mg) treatments (Fig. 

2-2C); however, these treatments did not differ fi-om 1-48 (0.21 mg). 1-41 had a lower 



Figure 2-2. Results of Greenhouse Experiment B for shoot weight (A), root weight (B), 
shoot N pool (C), and total N pool (D). Treatments iiiclude 6 rliizobial strains (1-30.1, I- 
16,I-41,I-49,I-68; 1-48), Control with no N (C), and Control with N (C/N). Bars 
represent means k one standard error. Bars with the same letters on top are not 
statistically different at P = 0.05. 
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shoot N pool than 1-49> 1-48> and Control with N treatments (Fig. 2-2C). The Control 

with N treatment had higher total N pool (1.1 mg) than 1-30.1 (0.35 mg), 1-16 (0.39 mg), 

1-41 (0.23 mg), 1-68 (0.41 mg), 1-48 (0.50 mg), and Control (no N) (0.41 mg) treatments. 

1-49 had the second highest total N pool (0.81) and was different from I-30.1,I-16,I-41, 

1-68? and Control (no N) treatments (Fig. 2-2D). 1-48 had higher total N pool than 1-41. 

Inoculation with 1-49 resulted in a greater number of nodules (3.4) than 1-30.1 (1 A), I- 16 

(1.5), 1-41 (0.2), 1-68 (1.7), and Control (no N) (0.7). As expected, Control with N 

treatments produced no nodules (Fig. 2-3A). 1-49 did not produce more nodules than 1-48 

(2.6). 1-48 exhibited a greater number of nodules than I-4l.I-3O.l,I-l6,I-4l,I-68, and 

Control (no N) did not differ in number of nodules. Inoculation with 1-49 (1.3 mg) and I- 

48 (0.8 mg) resulted in greater nodule weight than 1-41 (0.1 mg), and Control 

(no N) (0.2 mg) (Fig. 2-3B). Nodule weights were not different among the Control (no N) 

and I-30.1,I-16,I-41, and 1-68. 

1-49 consistently exhibited the best performance for all the measured variables. 

However, 1-49 did not differ significantly fiom 1-48.1-49 exhibited a 117 % higher total 

N pool than the third best inoculum, 1-16 (Fig. 2-2D), and a 95 % greater number of 

nodules than 1-30 (Fig. 2-3A). Linear regression analysis revealed that total biomass was 

associated with total N pool (r = 0.93, P < 0.0001) (Fig. 2-4). In addition, a significant 

negative correlation was observed between biomass per unit N and total biomass (r = 

-0.25, P < 0.05). 

Pearson correlation coefficients were significant for regressions of nodule weight 

and number of nodules against shoot weight, root weight, total biomass, shoot N pool, 



Figure 2-3. Results of Greenhouse Experiment B for number of nodules (A) and nodule 
weight (B). Treatments included 6 rhizobial strains (I-30.1,I-16,I-41,I-49,I-68,I-48), 
Control with no N (C), and Control with N (C/N). Bars represent means k one standard 
error. Bars with the same letters on top are not statistically different at P = 0.05. 

0.0 0.5 1 .O 1.5 2.0 2.5 

Total N pool (mg plant-1) 

Figure 2-4. Linear regression of total plant biomass against total N pool for Greenhouse 
Experiment B. 
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'root N pool, and total N pool (Table 2-6). However, nodule weight exhibited overall 

higher correlations with shoot weight, root weight, total biomass, shoot N pool, root N 

pool, and total N pool than number of nodules (Table 2-6). 

DISCUSSION 

Significant differences among rhizobial inoculum treatments for number of 

nodules, nodule weight, shoot N pool, and total N pool suggested that rhizobial strains 

varied in their infectiveness and effectiveness for N fixation wit11 basalt milkvetch 

accessions. In Greenhouse Experiment A, no significant interactions were observed 

between host plant accession and inoculation treatment for shoot weight, root weight, 

nurnber of nodules, and nodule weight. Similar nonsignificant results were reported for 

interactions between alfalfa cultivars and Sinorhizobiu~n meliloti strains for nodule dry 

Table 2-6. Pearson correlation coefficients (r) for number of nodules (Nn), nodule weight 
(Nw), shoot weight (Sw), root weight (Rw), total biomass (Tb), shoot N pool (Sn), root N 
pool (Rn), and total N (Tn). 
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weight and biomass yield (Bradic et al. 2003). Although many studies have reported 

significant legume host by rhizobial strain interactions for biological N fixation 

c4aracteristics (Fernandez and Miller 1987; Awonaike et al. 1992; McKenzie et al. 2001; 

Mhadhbi et al. 2005), many other studies have shown non-significant interactions 

between host genotypes and their rhizobial inocula for symbiotic N fixation (Buttery et 

al. 1997; Bradic et al. 2003; Ballard et al. 2003). 

The nonsignificant accession by inoculation treatment interactions in our study 

indicated that symbiotic effectiveness of rhizobial strains did not vary significantly across 

basalt millwetch accessions. This suggests that the best inoculum selected for N fixation 

should be consistent across basalt milkvetch accessions. However, basalt milkvetch 

accessions varied considerably for measured variables such as shoot weight, root weight, 

nodule weight, and%number of nodules. Our results agree with the significant cultivar 

effects of alfalfa (Medicago sativa L.) found for nodule dry weight and plant biomass in 

inoculation studies with strains of Sinorhizobium meliloti (Bradic et al. 2003). Our results 

also showed that basalt milkvetch accessions with a high number of nodules and nodule 

weight consistently had higher shoot and root biomass. This may be because larger plants 

have more root area available for rhizobia to initiate nodulation and more carbon reserves 

for rhizobial growth and nodule development. In return, more nodules provide more fixed 

N to the host plant (Wadisirisuk and Weaver 1985), which facilitates growth of the host 

plant. 

As expected, a strong positive correlation between total N pool and total biomass 

in our study (Fig. 2-4) suggested that increasing N availability would improve host 

growth. Also, a significant negative correlation between biomass per unit N and total 
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biomass indicated that as plants grew bigger, they were more efficient in using 

available N. Although there was no significant difference among rhizobial treatments for 

shoot weight in Greenhouse Experiment A, a significant difference was observed in 

Greenhouse Experiment B among rhizobial treatments for shoot weight, which could be 

because of a larger sample size and higher concentration of N treatment in Greenhouse 

Experiment B than those in Greenhouse Experiment A. In Greenhouse Experiment By our 

results showed that significant differences were present among rhizobial inocula for shoot 

N pool, total N pool, number of nodules, and nodule weight. 1-49 had a significantly . 

higher number of nodules, shoot N, and total N pool than other rhizobial inocula, except 

1-48. In addition, 1-49 showed a trend towards greater shoot weight, root weight, and total 

biomass than the other rhizobial inocula (Fig. 2-2,2-3). 1-49 had comparable shoot 

weight to the Control with N treatment where the latter treatment had significantly higher 

shoot weight than other treatments including I-30.1,I-41, and 1-68 (Fig. 2-2A). In 

Greenhouse Experiment A, 1-49 produced a greater number of nodules, and nodule 

weight than other rhizobial inocula (Table 2-3). Analyzing N content of the host plant is a 

direct way of assessing effectiveness of rhizobial strains (Hardarson and Atkins 2003). 

Total N pool was greatest with 1-49? indicating that 1-49 was significantly more infective 

and effective for N fixation than other rhizobial strains, except 1-48. Although an 

effective rhizobial strain may not always be competitive, competitiveness of a particular 

rhizobial strain can be enhanced by increasing rhizobial numbers in inocula (Amarger 

and Lobreau 1982; Hungria et al. 2003; Okazaki et al. 2003). 

If plant yield is limited by soil N, number of nodules and nodule weight of 

legumes may provide a rough guide to level of N fixation (Hardarson and Atkins 2003). 
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Our results confirmed that number of nodules and nodule weight are positively 

correlated with symbiotic N fixation (Wadisirisuk. and Weaver 1985; Hafeez et al. 2000; 

Zhang et al. 2002; Mayz et al. 2003). However, having a greater number of nodules and 

nodule weight does not always confirm rhizobial effectiveness for N fixation. Lodwig et 

al. (2003) found a strain of Rhizobiunz Eeguminosa~wn bv. viceae that produced greater 

numbers of nodules and nodule weight in peas (Pisum sativurn C.V. Avola and Winner), 

but actually had low N fixation. Also, Gallardo et al. (1996) found that some 

Bradyr.~hizobium strains with relatively low nodule dry weight in Crotalaria jzcncea L. and 

Cajanus cajans (L.) Millsp. had high N fixation. Some studies (Gallardo et al. 1996; Er et 

al. 2004; Sirnms et al. 2006) have suggested that nodule weight is a more reliable 

measure of BNF than number of nodules, which was true in our s&dy where we found 

that nodule weight was more closely correlated with total N pool than number of nodules 

(Table 2-5). This may be because the increase in N demand of the host plant may be 

achieved by increasing nodule mass without increasing number of nodules (Herdina and 

Silsbury 1990). 

In our study, plants inoculated with rhizobial strains had a lower N pool than 

control plants supplied with N. Several studies showed that plants inoculated with the 

best inoculum could achieve an N pool as high as plants in the control treatment 

(Gallardo et al. 1996; Mostasso et al. 2002). Our results could be due to the small size of 

plants in our study. At harvest in ow study, total plant biomass was 0.03 to 0.09 g 

compared to that of Gallardo et al. (1996) where total biomass ranged from 1.19 to 4.3 1 g 

in Crotolaria juncea L. and 1.6 to 3.2 g in Cajanaus cajan (L.) Millsp. Similarly, in the 

study of Mostasso et al. (2002), shoot biomass ranged fiom 0.15 to 3 .58 g in Phaseolous 
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vulgaris cv. Carioca and 0.12 to 2.7 1 g in Phaseleous vulgaris cv. Negro Argel, 

respectively. Because energy must be expended by the host plant for nodulation and N 

fixation, plants provided N in nutrient solution can allocate carbon and nutrients to plant 

growth rather than nodulation and N fixation. 

A review by Triplett and Sadowsky (1992) indicated that plants inoculated with 

the best rhizobial strains typically exhibited a 5 to 15 % greater biomass or grain yield 

than plants inoculated with less effective rhizobial strains. In our study, we observed a 

trend that 1-49 produced relatively greater biomass than other rhizobial inocula (Table 2- 

3, Fig. 2-3A, 2-3B). Moreover, 1-49 had a significantly greater (1 17 %) total N pool than 

1-16, which was third in ranking,among rhizobial strains for total N pool (Fig. 2-3C) in 

Greenhouse Experiment B. In the same experiment, 1-49 had a 95 % greater number of 

nodules (Fig. 2-2A) than 1-30.1.1-49 was the best rhizobial inoculum for number of 

nodules, and nodule weight in Greenhouse Experiment A (Table 2-3). Although 1-49 did 

not differ statistically from 1-48 in dreenhouse Experiment B, there was a consistent 

tendency for plants inoculated with 1-49 to perform better than 1-48 (Fig. 2-2,2-3). As a 

result, 1-49 was tlie best rhizobial inoculum for N fixation in basalt milkcvetch in our 

study. 

MANAGEMENT IMPLICATIONS 

Restoration of ecosystem processes in the Great Basin Region of the western 

U.S.A. is needed because of increasing anthropogenic-induced disturbances (Pellant et al. 
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2004). Establishment of legumes increases plant diversity, which in turn enhances 

ecosystem stability (Tilman 2000), promotes soil N, increases soil organic matter, and 

hydrostable soil aggregates (Requena et al. 2001). In addition, legumes facilitate the 

growth of non-leguminous plants, thereby increasing forage production and forage 

quality (Posler et al. 1993). Rhizobial strains play a critical role in legume N fixation, 

which is important in N-limiting ecosystems of arid and semiarid regions (Gonzalez- 

Andres and Ortiz 1996). Based on the results of our studies, 1-49 would be an effective 

rhizobial strain for N fixation in basalt milkvetch. Rhizobial strain 1-48 was the second 

best inoculum for increasing N fixation with basalt milkvetch, which can be used in case 

1-49 is not available, but rhizobial inoculum 1-41 was the worst for N fixation with basalt 

milkvetch accessions. 
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CHAPTER 3 

BIOMASS YIELD, SEED PRODUCTION, AND FORAGE QUALITY OF 

ASTRAGALUS FILIPES: A NATIVE LEGUME FOR RANGELANDS 

OF WESTERN NORTH AMERICA' 

INTRODUCTION 

Many weedy species have invaded western rangelands and caused a loss of 

genetic diversity and functional heterogeneity (DiTomasso, 2000), which has impaired 

ecosystem functionality and resilience (Tilman 2000). The shift in species composition 

from native-dominated .rangeland ecosystems to ones dominated by invasive weedy 

species has resulted in low nutrient availability, reduced productivity, changes in fire 

regimes, increased soil erosion risk, and loss of biodiversity. Although the importance of 

using native plant species to improve degraded rangelands was recognized as early as the 

1930s, introduced.species have been widely used because of their low seed cost, 

commercial availability, and ease of establishment (Rumbaugh 1983; Shaw and Monsen 

1983; Pellant and Monsen 1993; Richards et al. 1998). Shifts in social values and changes 

in management policies towards restoration of ecosystem functionality of degraded 

landscapes, however, have increased the demand for native plant species in revegetation,. 

and reclamation pragrams, especially on public rangelands (Roundy et al. 1995). 

' Coauthored by Kishor Bhattarai, Douglas A. Johnson, and Thoinas A. Jones 
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Use of legumes on rangelands and pastures enhances plant diversity, inpeases 

the quantity and quality of forage, and improves wildlife benefits (Haynes 1980; Madison 

and Robe1 2001). Legumes fix atmospheric N in association with Rhizobiurn bacteria and 

provide N to other plants in the ecosystem (Becker and Crockett 1976). Presence of 

legumes may directly or indirectly increase the productivity of associated species in plant 

communities by release of symbiotically fixed N through the mycorrhizal hyplzae 

networks, root exudates, or decaying plant materials (Patra et al. 1986; Haystead et al. 

1988; Hogh-Jensen and Schjoerring 2000; van der Heijden et al. 2006). Posler et al. 

(1993) compared the forage yield and quality of 5 native legumes grown with 3 different 

grasses to that of grasses grown alone and found that legumes increased yield aild protein 

content compared to grasses grown alone. Leguminous plants generally contain more 

protein and less fiber than grasses at similar stages of growth and can be an excellent 

food source for both wildlife and domestic livestock (Cherney and Allen 1995). 

Astr~agalusJilipes Ton. ex A. Gray (common name basalt milkvetch or 

tlzreadstalk millvetch) is a North American legume that is native to 6 western states 

including California, Idaho, Nevada, Oregon, Utah, and Washington as well as to 

northern Mexico and British Columbia in Canada (Isely 1998). Its potential 

diversity, erect growth form, good seed production, and high density in recently burned 

areas make it a promising species for revegetating western rangelands (D. A. Johnson, 

unpublished data). The prominence of basalt milkvetch after fire may be especially 

important considering the increasing frequency of fire on western rangelands (Whisenant 

1990) and the importance of fire as an ecosystem management tool in restoring rangeland 

functionality. Although most Astragalus species are toxic to livestock (Rumbaugh 1983; 
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DiTomaso 2000), no toxicity problems have been reported for basalt milkvetch. Recent 

chemical analyses of basalt inilkvetch plant samples across its range of distribution also 

revealed no toxicity concerns (D. A. Johnson, unpublished data). Therefore, basalt 

milkvetch has considerable potential for use in rangeland revegetation and restoration 

programs in the western U.S.A. 

Biomass yield, seed yield, forage quality, and defoliation tolerance are important 

characteristics for evaluating possible forage species such as basalt millvetch (McGraw 

et al. 2004). Reproductive capacity is critical for maintaining plant stands (Harper 1979) 

and is an important attribute in conservation programs. As a result, any problems related 

to flowering, seed production, and seedling establishment may contribute to low species 

abundance and impede its potential use in revegetation and restoration. Basalt milkvetch 

reproduces primarily by seeds, which is typical of most Astragalus species (Bameby 

1964). Consequently, the number of seeds a plant produces and individual seed weight 

are important characteristics. Seeds that have low weight typically have low predation 

rates, imbibe water easily, and are more readily dispersed. Also, plants with low seed 

weights generally produce a large number of seeds for a given amount of carbon and 

nutrients than plants with high seed weights (Tumbull et al. 1999; Jakobsson and 

Eriksson 2000). However, plants with high seed weights can exhibit high seedling vigor 

(Westoby et al. 2002) and emerge fiom a deep soil depth (Johnson 1985; Wuff 1986), 

which can lead to improved establishment success under severe environmental conditions 

(Asay and Johnson 1983; Milberg et al. 1998). 

Forage quality is a function of nutrient concentration of the forage, its intake or 

rate of consumption, digestibility of the forage cbnsurned, and proportion of metabolized 
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product that remains in the animal (Buxton and Mertens 1995). Forage quality is often 

estimated by in vitro or chemical methods because such techniques are less expensive 

and easier to conduct than actual animal evaluations (Andres et al. 2005). Many factors 

influence forage quality such as: forage species, stage of maturity at harvest, soil fertility, 

and storage method (Buxton and Mertens 1995). Other factors include: temperature 

during growth, soil water availability, and forage variety. As plants grow, they become 

more fibrous, which decreases the relative proportion of nutrients and minerals, reduces 

forage digestibility, and decreases forage intake in ruminants (Buxton and Mertens 1995). 

Important forage quality characteristics include: crude protein, acid detergent fiber 

(ADF), and neutral detergent fiber (NDF) (Sollenberger and Cherney 1995). Crude 

protein is a measure of the amount of N in forage and is calculated by multiplying N 

content by 6.25. NDF is a measure of total structural carbohydrate in the plant (Robinson 

1999) and is partially digestible and usually negatively correlated with dry matter intake 

(Van Soest 1994). ADF is a measure of the least digestible plant component, especially 

cellulose and lignin (Jung 1997). ADF is negatively correlated with digestibility (Van 

Soest et 91. 1991) and is often used to estimate energy content of forages. 

Differences in defoliation tolerance among plant ecotypes may be due to 

genotypic differences (Linhart and Grant 1996). Forage ecotypes that have a high 

allocation to underground biomass (Volenec et al. 1996), prostrate growth form (Westoby 

1989; Lavorel et al. 1999; Hazard et al. 2001), and late maturity (Smith et al. 2000) are 

generally considered more defoliation tolerant. Morpliological variation in response to 

grazing was documented in various grass ecotypes in several studies (Westoby 1989; 

Painter et al. 1993; Hazard et al. 2001; Lauault et al. 2005). Grass ecotypes exposed to 
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high grazing pressure tended to be shorter with higher numbers of tillers than those 

exposed to low grazing pressure. This relationship was not clear in legumes, although 

grazing seems to favor shorter plants with leafy stems and decumbent growth habit 

(Lavorel et al. 1999). 

The question that I asked in this study was if there were differences among 67 

germplasm collections (accessions) of basalt milkvetch from California, Nevada, Utah, 

Idaho, Oregon, and Washington for forage and seed production, forage quality, seed 

weight, and morphological characteristics. I was interested in knowing the scope of 

variation for forage production and quality characteristics in these diverse accessions of 

basalt milkvetch to determine opportunities for selection in semiarid environments 

similar to northern Utah. In addition, I wanted to know if seed predators reduced seed 

yield of basalt milkvetch and if they prefered one basalt milkvetch accession over other 

accessions. Also, I was interested in determining which accessions had the greatest 

potential for ipclusion in plant improvement programs. 

MATERIALS AND METHODS 

Based on herbarium specimen data, a total of 67 seed collections (accessions) of 

basalt milkvetch were made across 6 western states of the U.S.A. (California, Idaho, 

Nevada, Oregon, Utah, and Washington). Ripe loments Erom individual sites were placed 

in paper bags. A 5 to 15-g section of insecticide strip (active ingredient Dichlorvos [2,2- 

dichlorovinyl dimetliyl phosphate] 18.6 % and related compounds 1.4 %,,Hotshot No- 
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Pest Strip, United Industries Corp., St. Louis, MO) was placed in each bag (based on 

seed volume) to minimize seed damage from associated insects. Collected loments were 

dried in a greenhouse for 2 months. Seeds were threshed using a Wintersteiger seed 

thresher (Model LD180, Des Moines, IA), passed through screens (Size 9K and A, 

Seedburo Equipment Co., Chicago, IL), and cleaned with a seed blower. Cleaned seeds 

were stored in a dark room maintained at 3 "C temperature and 20-25 % relative humidity 

until use. 

The 67 seed accessions of basalt milkvetch (Table 3-1) were germinated on 

moistened blotter paper and transplanted to cone-shaped plastic conetainers (4-cm 

diameter, 22-cm length) filled with a sand:peat moss (3: 1) mixture. The seedlings were 

grown in a greenhouse at the USDA-ARS Forage and Range Research Laboratory at 

Logan, UT (41" 45' N, 110" 48' W, 1,350 m above sea level) under a daylnight 

temperature regime of about 30115 "C and were watered and fertilized to maintain 

growth. After 1 week of growth, about 5 mm of homogenized sieved soil from all 67 

collection sites was added to each container for rhizobial inoculation. In addition, a slurry 

of common rhizobial inoculum (Astragalus Special No. 1, Nitragin Co., Milwaukee, WI) 

was added to each container after about 3 weeks of growth to insure root nodulation. 

After about 90 days of greenhouse growth, seedlings were then transplanted to field plots 

at Evans Farm (4 1" 4 1 ' N and 1 1 1" 49' W, 1,350 m above sea level) and Millville (4 1" 

39' N and 11 lo 48' W, 1,370 m above sea level) located about 2 km and 9 km south of 

Logan, UT, respectively. Climatic data indicated that 2006 was the driest and hottest year 

during the study period (Table 3-2). 2005 had the highest amount of precipitation during 

summer. 
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Table 3-1. Climatic and geographic information for basalt millvetch accessions with 
state, elevation, latitude, longitude, mean annual maximum (max) and minimum (min) 
temperatures, and mean annual precipitation (precip). Means are averages across 30 
years. 

Temperature 
Accession State Elevation Latitude (N) Longitude (W) Max Min Precip 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 10 
Af-1 1 
Af- 13 
Af-14 
Af- 1 5 
Af- 1 6 
Af- 1 8 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-30 
Af-30.1 
Af-3 1 
Af-32 
Af-3 3 
Af-34 
Af-36 
Af-3 7 
Af-38' 
Af-39 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 



Table 3-1 (continued) , 

Temperature 
Accession State Elevation Latitude (N) Longitude (W) Max Min Precip 

Table 3-2. Mean summer (May-August) maximum and minimum temperature and 
precipitation in 2004,2005, and 2006 at Evans Farm and Millville. 

Temperature Precip 
Year Max Min 
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Soil at Evans Farm is a Nibley silty clay loam series (fine, mixed, mesic Aquic 

Argiustoll). Soil at Millville is a coarse-loamy over sandy or sand-skeletal, mixed, 

superactive mesic, Calcic Haploxerolls (Ricks Series). The experimental design at  vans 
Farm was a randomized complete block design with 6 replications. At ~i l ' lv i l le ,an 

insecticide treatment was also applied on 3 of the 6 replications in a split-plot design with 

insecticide as the whole plot factor and accessions as a subplot factor. Each plot consisted 

of 5 plants from each accession with a 0.5-m spacing within and between rows. The 67 

accessions were randomly assigned within each replication. Plots were routinely weeded 

throughout the study. Plots were irrigated after transplanting only during the 

establishment ye&. Morphological measurements were obtained for each plant from both 

sites in both years during late May to early June. 

Measuredents included plant height, number of stems, number of inflorescences, 

and plant vigor score (a relative score with 0 for a dead plant and 9 for the largest plant). 

Winter mortality also was determined for each plot. Dry matter yield and forage quality 

were determined for plants fiom Evans Farm. Plants were harvested to a 5-cm stubble 

height at about 50 % bloom (Miller 1984) during 24-27 June 2005 and on 7 June 2006. 

Regrowth biomass was also harvested at Evans Farm 17 October 2005 and 18 October in 

2006. At Millville, biomass was harvested on 2 August 2005 and 8 August 2006, and 

regrowth biomass was harvested on 26 October 2005. Negligible regrowth occurred in 

2006 so regrowth biomass was not harvested in 2006. Plant samples were oven dried (60 

"C for 72 h) and dry weights of each harvest were recorded. Plant samples from the June 

harvest at Evans Farm were ground (Clycotec 1093 Sample Mill, Sweden) to pass 

through a 1-rmn diameter screen. Ground samples were analyzed for crude protein by 
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Utah State University Analytical Laboratories using total combustion procedures 

(LECO TruSpec C/N analyzer, LECO Corp., St. Joseph, MI). Acid detergent fiber (ADF) 

was analyzed at the Utah State Analytical Laboratories following AOAC (1 WO), and 

neutral detergent fiber (NDF) was analyzed following Goering and Van Soest (1 970) as 

modified by Mertens (1 992) from the 2006 ground sample from Evans Farm. All basalt 

milkvetch accessions of cluster group 3 were analyzed for ADF and NDF. For the other 

cluster groups, at least one basalt milkvetch accession was analyzed for ADF and NDF to 

minimize cost for analysis. 

Seed production was evaluated at Millville. Admire 2 (a flowable insecticide with 

2 1.4 % of active ingredient Irnidacloprid, 1 -[(6-Chloro-3-pyridinyl) methyll-N-nitro-2- 

imidazolidinimine) was applied on 2 June 2005 (Bayer Cropscience, Kansas City, MO), 

and Provado 1.6 (a flowable insecticide with 17.4 % active ingredient as above) was 

applied on 6 June 2006 for 3 of the 6 replications at Millville to compare the effect of 

insect predation on seed yield. An amount equivalent to 15.7 mL of Admire and 19.6 mL 

of Provado was applied to each replication, which allowed a constant application amount 

of active ingredient in each year. Irrigation was applied after insecticide application to 

facilitate plant absorption. Seeds were sequentially harvested from July to early August in 

both years after pods matured. Seeds were threshed, cleaned, and stored as mentioned 

earlier. Seed production was determined by weighing number of seeds produced for each 

plot. Seed weight of 100 seeds was also determined. 
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Statistical Analysis 

For Evans Farm, accessions were considered a fixed factor and blocks a random 

factor. For Millville, insecticide and accessions were considered fixed factors and blocks 

a random factor. Analysis of variance (ANOVA) was conducted using Mixed Procedure 

of SAS V 9.0 (SAS Institute hc., Cary, NC) for both experiments. Data were 

transformed (when required, table 3-3) to meet normality and homoscadasticity 

assumptions. Significance tests were done at a = 5%, and post hoc mean separation was 

conducted using the Tultey Test. Because insecticide was not applied by the time 

morphological measurements were obtained at Millville, the insecticide effect was not 

included in the model to analyze plant morphological data. No insecticide effect was 

observed for biomass yield, therefore, this effect was not included in analysis of biomass 

Table 3-3. Values of the root transformation used in transferring data to meet normality 
and homoscadasticity criteria for field data fiom Evans Farm and Millville in 2005 and 
2006 ('-' means no transformation, 'da' means no measurement). 

Evans Farm I Millville 
Variable 2005 2006 2005 2006 
Plant height 0.50 - - 0.75 
Number of stems 0.25 0.50 0.50 0.50 
Number of inflorescences 0.50 0.50 0.50 0.50 
plant vigor - 0.75 1 S O  0.75 
June biomass 0.25 0.33 n/a rda 
August biomass d a  n/a 0.50 0.50 
Oct. biomass 0.25 0.33 0.75 n/a 
Crude protein concentration 0.25 -0.25 nla n/a 
Crude protein pool 0.25 0.25 n/a rda 
Acid detergent fiber d a  - n/a n/a 
Neutral detergent fiber d a  - n/a n/a 
Seed yield d a  . ida 0.25 0.33 
Seed weight nf a n/a - - 
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yield. For seed weight, not all plants produced seed and other plants produced very 

little seed. Consequently, there were not sufficient degrees of freedom to analyze weight 

of 100 seeds for effect of insecticide. Therefore, the insecticide effect was not included in 

the analysis of seed weight. Seed yield from Millville was analyzed with a split-plot 

analysis. Correlations were conducted using SAS, and cluster analysis was done using R 

(Illaka and Gentleman 1996) from the measured variables at Evans Farm and Millville. 

Ward method was used to construct clusters (Romesburg 2004). 

RESULTS 

Forage Production 

Basalt milkvetch accessions varied significantly for June biomass at Evans Farm 

in 2005 (Table 3-4), which ranged from 2 to 44 g plot-' (Table 3-5). Mean comparisons 

indicated that there was a group of accessions that had significantly greater June biomass 

yield than the other accessions. Although Af-5 had the highest June biomass yield (44 g 

plot-'), it did not differ significantly from 17 other accessions Af-3 1 (44 g plot-'), Af-76 

(35 g plot"), Af-30 (3 1 g plot-'), Af-29 (29 g plot-'), Af-70 (26 g plot-'), Af-18 (25 g plot' 

1 ), Af-30.1 (24 g plot-'), Af-75 (22 g plot-'), Af-36 (20 g plot-'), Af-7 (20 g plot-'), Af-44 

(20 g plofl), Af-26 (19 g plot-'), Af-33 (19 g plot-'), Af-45.1 (18 g plot-'), Af-32 (18 g 

plot-'), Af-8 (17 g plot-'), Af-67 (16 g plot-'), and Af-42 (16 g plot-'). Most of these 

accessions were from Oregon, except Af-45.1 and Af-67 were from Idaho. A;-48 had the 

lowest June biomass yield (2 g plot-') and was collected from Nevada. There were 39 



Table 3-4. Analyses of variance of basalt milkvetch accessions for summer biomass (biomass), fall regrowth (regrowth), plant height 
(height), number of stems (stem), number of inflorescences (inflores.), plant vigor (vigor), seed weight (seed wt.), crude protein 
concentration (CPC), crude protein pool (CPP) in 2005 and 2006, and acid detergent fiber (ADF), and neutral detergent fiber @DF) in 
2006; and contrast between years 2005 and 2006 (contrast) for respective variables at Evans Farm and Millville. . 

Evans Farm Millville 

2005 2006 Contrast 2005 2006 Contrast 

Factor d. f. F d. f. F d. f P d. f. F d. f. F d. f. . F 
Biomass, 
g plot-1 
Regrowth, 
g plot-1 
Height, 
cm 
Stem 
Inflores. 

Vigor 
Seed wt., g 
100 seedi' 
CPC, g kg- 
' DM 
cpp, g 
plant-' 
ADF, g 
kg-' DM 
NDF, g 
kg-' DM, - 86,46 4.22 - - - - - 

ns = not significant, * = P <0.05, ** = P < 0.01 



Table 3-5. Mean, standard deviation (SD), and range of basalt milkvetch accessions for summer biomass (biomass), fall regrowth 
(regrowth), plant height (height), number of stems (stem), number of inflorescences (inflores.), plant vigor (vigor), seed yield, seed 
weight (seed wt.), crude protein concentration (CPC), crude protein pool (CPP), acid detergent fiber (ADF), and neutral detergent 
fiber (NDF) in 2005,2006, and combined across 2005 and 2006 (combined) at Evans Farm and Millville. 

- 

Evans Farm Millville 
2005 2006 2005 2006 

Measurement Mean SD Range Mean SD Range Mean SD Range Mean SD Range 

Biomass, g plot-' 13 9 

Regrowth, g plofl 7 9 

Height, cm 26. 5 
stem 4 2 .  
Mores. 4 3 

Vigor 5 1 

Seed yield, g plot-' 

Seed wt, g 100 seeds-' - - 
CPC, g kg-' DM 140 17 

CPP, g plant-' 0.4 0.2 

NDF, g kg" DM - - 
ADF, g kg" DM - - 348 24 308-380 - 
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accessions that did not differ from Af-48 for June biomass. 

October regrowth at Evans Farm differed significantly among accessions in 2005 

(Table 3-4) and ranged from 1 to 69 g plot-'. Generally, accessions that exhibited high 

June biomass also had high October regrowth. Af-75 (69 g plot-') had the highest October 

regrowth, but was not statistically different from Af-29 (23 g plot-'), Af-3 1 (19 g plot-'), 

and Af-76 (1 8 g plot-'). Af-5, which had the highest June biomass, had a significantly 

lower October biomass (13 g plot-') than Af-75. Also, Af-67 was one of the accessions 

that had high June biomass, but had significantly lower October regrowth (4 g plot-') than 

Af-75 and Af-29 (Table A-1). Af-48 exhibited the lowest October regrowth producing 

less than 1 g plot", but did not differ significantly from 40 other basalt milkvetch 

accessions. 

Although accessions varied significantly in June biomass at Evans Farm in 2006 

(Table 3.-4), more than two thirds of the accessions did not differ statistically from each 

other (Table A-1). June biomass varied from 2 to 114 g plot-'. Af-75 had the highest June 

biomass (1 14 g plot-'). Af-31 (90 g plot-'), Af-30 (89 g plot-'), Af-76 (88 g plot-'), Af-29 

(85 g plot-'), Af-5 (83 g plot"), Af-7 (76 g plot-'), Af-33 (73 g plot-1), and Af-18 (71 g 

plot-') were the other accessions with high June biomass in 2006 and did not differ 

significantly from each other. Af-48 was again the lowest for June biomass in 2006 (2 g 

plot-') and did not differ from 38 other accessions. 

Although significant differences were observed among basalt milkvetch 

accessions for October regrowth at Evans Farm in 2006 (Table 3-4), October regrowth 

did not differ significantly among 23 accessions (Table A-1). October regrowth varied 

from 1 to 59 1: plot-' with Af-29 having the greatest October regrowth (59 g plot-'). Other 
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accessions that exhibited large regrowth biomass in 2006 were Af-3 1 (47 g plot-'), Af- 

30 (44 g plot-'), Af-76 (37 g plot-'), Af-75 (36 g plot-'), and Af-30.1 (33 g plot-'). Af-5 

had 20 g plot-' for October regrowth, which was not significantly different fiom the 

previously mentioned accessions. Af-48 had the lowest October regrowth (1 g plot-''). In 

2006, 18 other accessions did not differ fiom Af-48 for October regrowth. For Evans 

Farm, the top 10 accessions for June biomass were also the accessions with the highest 

October regrowth (Table A-1). Similarly, accessions with low June biomass were the 

lowest for October regrowth. Significant differences were observed between 2005 and 

2006 for both June and October regrowth (Table 3-4). Overall, basalt milkvetch 

accessions produced greater biomass in 2006 than 2005 (Table 3-5). 

At Millville in 2005, basalt milkvetch accessions differed significantly for August 

biomass (Table 3-4). August biomass varied considerably among accessions (4 to 98 g 

plot-'). Twelve accessions had high August biomass, which did not differ statistically 

from each other. Af-30 had the highest August biomass (98 g plot-'), whereas Af-3 1 (93 g 

plot-'), Af-29 (85 g plof '), ~ f - 7 6  (84 g plot-'), Af-5 (83 g plot-'), Af-70 (78 g plot-'), Af- 

32 (65 g plot-'), Af-30.1 (60 g plot-'), Af-75 (55 g plot-'), and Af-33 (46 g plot-') were the 

top ten accessions for August biomass in 2005 (Table A-2). Af-48 had the least ~ u ~ u s t  

biomass (4 g plot"). Af-48 did not differ fiom 34 accessions for August biomass. 

Basalt milkvetch accessions differed significantly for October regrowth in 2005 

(Table 3-4) at Millville and ranged fiom 0 to 17 g plot-'. Af-75 and Af-5 exhibited the 

greatest October regrowth (17 g plot-'). Af-75 and Af-5 had significantly higher October 

regrowth than all accessions, except Af-30 (17 g plot-'), Af-70 (14 g plot-'), Af-3 1 (14 g 

plot-'), Af-76 (10 g plot"), Af-29 (10 g plot-'), and Af-30.1 (7 g plot-') (Table A-2). Af- 
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48 had no harvestable October regrowth, which was not significantly different from 47 

J 

other accessions. High correlations were observed between the June and Oct. harvests in 

2005 (I .  = 0.85, P < 0.0001), June 2005 and June 2006 (r = 0.98, P < 0.0001), June 2005 

and Oct. 2006 (r = 0.99, P < 0.0001), Oct. 2005 and June 2006 (I* = 80, P < 0.0001), Oct. 

2005 and Oct. 2006 (r = 0.87, P < 0.0001), and June 2006 and Oct. 2006 (1. = 0.97, P < 

At Millville, accessions differed signficantly for August biomass in 2006 (Table 

3-4) and ranged from 5 to 147 g plot-' (Table A-2). Af-31 had the highest amount of 

August biomass (147 g plot'1), but did not differ significantly fiom 24 other accessions. 

Af-5 (61 g plot-1) had a significantly lower August biomass than Af-3 1 and Af-30; and 

Af-75 had a significantly lower August biomass than Af-3 1, Af-30, Af-70, and Af-29. 

Af-55 had the lowest August biomass yield with 5 g plot-1, which did not differ fiom 33 

other accessions. August biomass differed significantly between years with greater 

biomass produced in 2006 than 2005 (Tables 3-4,3-5). In addition, no significant 

insecticide effect was observed for biomass yield at Millville. 

Forage Quality 

Accessions differed significantly for crude protein concentration and crude 

protein pool in both 2005 and 2006 (Table' 3-4). Crude protein concentration ranged from 

95 to 179 g kgv' with a mean of 140 g kg-' in 2005, and ranged from 11 8 to 202 g kg-' 

with a mean of 147 g kg-' in 2006 (Table A-3). Accessions with low biomass yield had 

high crude protein concentration. Crude protein concentration was greatest for Af-52 
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(179 g kg-' DM) in 2005 and 2006; however, Af-52 did not differ from 57 other 

accessions in 2005 and 53 other accessions in 2006. Accessions with high biomass yields 

(Af-75, Af-30, and Af-5) had low crude protein concentrations in 2005. Similarly, crude 

protein pool for 2005 varied from 0.1 to 1.0 g plant-' with a mean of 0.4 g plant-'. For 

2006, crude protein pool varied fiom 0.3 to 3.5 g with a mean of 1.4 g plant-'. Af- 

3 1 (1.0 g plant-1) and Af-5 (0.9 g plant-') had the highest crude protein pool per plant in 

2005, and they significantly differed from all accessions except 8 other accessions. Af- 

48, Af-49, and Af-50 had the lowest crude protein pool (0.1 g plant-1). In 2006, Af-5 had 

the greatest crude protein pool (3.5 g plant-1), but was not significantly different from 16 

other accessions. Af-48 had the lowest crude protein pool (0.3 g Crude protein 

concentration did not differ significantly between 2005 and 2006 (Table 3-4), but crude. 

protein pool was greater in 2006 than 2005 (Tables 3-4,3-5). 

Accessions varied significantly for both NDF and ADF (Table 3-4). NDF ranged 

from 36 1 to 461 g kg-' with a mean of 420 g kgv1, and ADF ranged from 308 to 380 g kg'' 

with a mean of 348 g kgm1 (Table 3-5). Af-75 and Af-76 had greater ADF than Af-20, Af- 

54, and Af-69. Af-20 had a significantly lower ADF than Af-18, Af-30, Af-70, Af-75, 

and Af-76. Af-5, Af-7, Af-13, Af-29, Af-30.1, Af-3 1, Af-33, Af-39, and Af-67 did not 

differ for ADF (Table 3-6). Af-75 and Af-76 had the highest NDF, and significantly 

differed fiom Af-20, Af-54, and Af-69. Af-20 had a significantly lower NDF than Af-18, 

Af-30, Af-3 1, Af-39, Af-70, Af-75, and Af-76. Af-5, Af-7, Af-13, Af-29, Af-30.1, Af-33, 

and Af-67 did not differ from other accessions for NDF. Positive correlations were 

observed between biomass and ADF (r = 0.42, P < 0.0001) and between biomass and 

NDF (r = 0.57, P <0.0001). 
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Table 3-6. Mean comparisons of acid detergent fiber (ADF) and neutral detergent fiber 
(NDF) for the June biomass harvest of basalt millwetch accessions in 2006 at Evans 
Farm. 

Accession ADF NDF 

Af-5 
Af-7 
Af- 1 3 
Af- 1 8 
Af-20 
Af-29 
Af-3 0 
Af-3 0.1 
Af-3 1 
Af-3 3 
Af-3 9 
Af-54 
Af-67 
Af-69 

- Af-70 
Af-75 

--------- g 'kg-' DM ----------- 
340 abcl 413 abcd 
342 abc 422 abcd 
342 abc 403 abcd 
371 ab 442 abc 
308 c 361 d 
336 abc 406 abcd 
369 ab 446 ab 
355 abc 432 abcd 
368 abc 442 abc 
344 abc 428 abcd 
368 abc 440 abc 
311 bc 380 bcd 
324 abc 390 abcd 
311 bc 367 cd 
370 ab 448 ab 
380 a 461 a 

Af-76 377 a 457 a 
'values followed by the same letter within a column are not statistically significant at P = 

Seed Yield and Seed Weight 

Accessions differed significantly in seed yield at Millville, and no interaction 

effect was observed between insecticide treatment and accessions in both years. In 2005, 

the accession effect was significant, but neither the treatment effect nor treatments by 

accession interaction were significant (Table 3-7). The range of seed yield was 0.0 to 9.5 

g plot-' in 2005. Af-5 had the highest seed yield (9.5 g plot-'), which was statistically 

greater than 40 other accessions. Af-30 and Af-76 had the next highest seed yieId with 

7.0 and 6.1 g p~ot", respectively (Table A-4). Other accessions with high seed yields 

were Af-30.1 (3.5 g plot-'), Af-3 1 (2.9 g plot-'), Af-18 (2.5 g plot-'), Af-26 (2.4 g plot"), 
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Table 3-7. Analyses of variance of basalt milkvetch accessions for seed yield in 2005 
and 2006 for accession (A), insecticide treatment (T), and interaction between accession 
and insecticide treatment (A X T), and contrast between years 2005 and 2006 (contrast) 
for accession (A) at Millville. 

2005 2006 Contrast 
Source d. f. F d. f. F d. f. F 

A X T  66,260 1.12nS 66,258 1.04"" - - 
ns = not significant, " = P < 0.01 

Af-75 (2.4 g plot-'), and Af-70 (2.0 g plot-'). Af-7, which was among the accessions with 

highest biomass yield, was the lowest seed producer along with Af-5 1. However, Af-7 

and Af-5 1 did not differ statistically from 60 other accessions for seed yield. The 

accession effect and treatment effect were significant for seed yield in 2006; however, the 

treatment by accession effect was not significant (Table 3-7). Seed yield among 

accessions ranged from 0.0 to 7.5 g plot-'. The insecticide treatment resulted in 

significantly higher seed yield t h s  no insecticide treatment in 2006. Accessions differed 

in their ranking for seed yield in 2006 compared to 2005. Af-36 (6.6 g plot-') and Af-70 

(5.8 g plot-1) produced statistically greater seed yields. Other accessions with high seed 

yields were Af-3 1 (7.5 g plot'1), Af-60 (6.9 g plot-'), Af-32 (6.5 g plot-'), Af-30 (7.4 g 

plot-'), Af-8 (6.2 g plot"), Af-45.1 (5.7 g plot-'), Af-37 (5.6 g plot-'), and Af-5 (4.7 g plot- 

1 ); however, these accessions did not statistically differ from each other. Accessions Af- 

3 1, Af-30, Af-60, Af-32, and Af-8 were statistically lower than Af-36 and Af-70. Af-36 

and Af-70 did not differ significantly from 61 other accessions (Table A-4); however, 

they did exhibit significantly greater seed yields than Af-55, Af-46, Af-50, and Af-49. 
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Accessions exhibited high variation in seed yield with significantly greater seed yields 

in 2006 than 2005 (Tables 3-5,3-7). 

Accessions differed significantly for seed weight (weight of 100 seeds) in both 

2005 and 2006 (Table 3-4) with a range fiom 0.30 to 0.62 g 100-' see& in 2005 and 0.29 

to 0.62 g 100-I seeds in 2006 (Table 3-5). Despite their statistical significance and their 

range of seed weight, most accessions did not differ statistically fiom each other (Table 

A-4). Seed weight was more closely correlated with biomass in 2005 (r = 0.49, P < 

0.0001) and 2006 (r = 0.60, P < 0.0001) than with seed yield in 2005 (r = 0.30, P < 0.05) 

and in 2006 (r = 0.51, P < 0.05) (Table 3-8). 

Plant Mortality 

Considerable variation in plant mortality over winter was detected among 

accessions at both study sites (Fig. 3-lA, 3-1B). At Evans Farm, winter mortality in 2005 

ranged from 0 to 30 % with a mean of 9 %. In 2006, winter mortality ranged from 0 to 73 

% with a mean of 23 %. At Millville in 2005, winter mortality ranged from 7 to 53 % 

with a mean of 25 %, and in 2006 winter mortality ranged from 13 to 83 % with a mean 

of 35 %. Af-3 1 had the least mortality (no mortality in 2005 or 2006 at Evans Farm, and 

only 13 % mortality by the end of 2006 at Millville). Among the basalt milkvetch 

accessions with high biomass yields at Evans Farm, Af-30.1 had high mortality (40 %). 

Af-5 had 27 % mortality at Evans Farm and 30 % mortality at Millville in 2005 dnd 2006. 

Also, Af-75 had 20 % mortality at Evans Farm and 50 % mortality at Millville in 2005 

and 2006. This mortality was reflected in low biomass yields, especially in 2006. 
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Table 3-8. Pearson correlation coefficients (I*) and their associated significance levels 
for Millville in 2005 and 2006. Variables in the matrix include seed weight (Sw), seed 
yield (Sy), and August biomass (Ab). 

0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 91-100 

Plant mortality class (%) 

Figure 3- 1. Plant mortality percentage of basalt milkvetch accessions in various plant 
mortality classes (% mortality of individual accession) at Evans Farm (A) and Millville 
(B). 
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Morphological dhhracteristies 

Significant variation for plant height, number of stems, number of inflorescences, 

and plant vigor was detected aniong basalt milkvetch accessions. Plant height varied 

significantly at Evans Farm in both 2005 and 2006 (Table 3-4) and ranged from 16 to 37 

cm in 2005 and from 16 to 34 cm in 2006 (Tables A-5, A-6). Similarly at Millville, plant 

height varied significantly in both years and ranged from 19 to 37 cm in 2005, and from 

18 to 36 cm in 2006 (Tables 3-5, A-7, A-8). Number of stems differed significantly 

among accessions at Evans Farm in 2005 (range: 2 to 10) and 2006 (range: 4 to 32) 

(Tables 2-4, A-5, A-6). Similarly, number of stems differed significantly among 

accessions at Millville in 2005 (range: 2 to 13) and 2006 (range: 6 to 37) (Tables 3-4, A- 

7, A-8). In addition, number of inflorescences differed significantly among accessions at 

Evans Farm in 2005 (range: 0 to 17) and 2006 (range: 1 to 82) (Tables 3-4, A-5, A-6). 

Similar differences in number of inflorescences were detected at Millville in 2005 (range: 

0 to 30) and 2006 (range: 2 to 79) (Tables 3-4, A-7, A-8). Accessions also differed 

significantly for plant vigor at Evans Farm with a range from 3.0 to 6.7 in 2005 and a 

range from 2.2 to 5.4 in 2006 (Tables A-5, A-6). Plant vigor also differed significantly at 

Millville with a range from 3.4 to 6.9 in 2005 and a range from 2.3 to 6.8 in 2006 (Tables 

3-4, A-7, A-8). 

At Evans Farm, Pearson's correlation coefficients between number of stems and 

biomass were significant in 2005 (r = 0.87, P < 0.001) and 2006 (I* = 0.86 , '~  < 0.001) 

(Table 3-9). Correlations between plant height and biomass were significant in 2005 (r = 

0.56, P < 0.001) and 2006 (I* = 0.65, P < 0.001). Also, October regrowth was correlated 

with number of stems in 2005 (r = 0.53, P < 0.001) and 2006 (r = 0.70, P < 0.001). 
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Table 3-9. Pearson correlation coefficients (r) and their associated significance levels 
for Evans Farm in 2005 and 2006. Variables in the matrix include plant height (Ht), 
number of stems (St), number of inflorescences (If), plant vigor scores (Vs), June 
biomass (Jb), and October regrowth (Or). 

Similarly, October regrowth was correlated with plant height in 2005 (r = 0.36, P < 

0.001) and 2006 (r = 0.52, P < 0.001). Number of inflorescences at Evans Farm was 

highly correlated with June biomass in 2005 (r = 0.86, P < 0.001) and 2006 (r = 0.66, P < 

0.001). At Evans F m ,  plant vigor was more strongly correlated with plant height in 

2005 (r = 0.91, P < 0.001) and 2006 (r = 0.88, P < 0.001) than any other plant 

characteristic. 

At Millville, number of stems was more strongly correlated with August biomass 

than plant height, seed yield, and number of inflorescence (Table 3-1 0). Seed yield was 

correlated with number of inflorescences in 2005 (r = 0.88, P < 0.001) and 2006 (r = 

0.53, P < 0.00 1). Number of stems was correlated with seed yield in 2005 (r  = 0.70, P < 

0.001) and 2006 (r = 0.46, P < 0.001). Significant differences were observed between 
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Table 3- 10. Pearson correlation coefficients (18) and their associated significant levels 
for Millville in 2005 and 2006. Variables in the matrix include plant height (Ht), number 
of stems (St), number of inflorescences (If), plant vigor scores (Vs), August biomass 
(Ab), October regrowth (Or), and seed yield (Sy). 

2005 and 2006 for number of stems, number of inflorescences, and plant vigor at both 

field sites, but not for plant height (Table 3-4). Number of stems'and nurnber of 

inflorescences were significantly greater in 2006, but plant vigor score decreased. 

Cluster Analysis 

Cluster analysis was conducted to determine if accessions could be grouped based 

on the results of the measured variables from Evans Farm and Millville. Based on plant 

height, number of stems, number of inflorescences, plant vigor, June biomass, October 

regrowth, crude protein concentration, crude protein pool and winter mortality at Evans 

Farm, and seed yield, seed weight, August biomass, October regrowth, and winter 
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mortality at Millville, basalt millvetch accessions clustered into 4 groups (Fig. 3-2). 

Group 1 had 14 accessions, Group 2 was composed of 19 basalt milkvetch accessions, 

Group 3 was the smallest group with 7 accessions, and Group 4 consisted of 27 

accessions. Groups 1 and 2 were more similar to each other than Groups 3 and 4. Group 1 

consisted of basalt millvetch accessions from Nevada, Oregon, and Utah. Group 2 

consisted of most of the accessions (70 %) from Nevada and all accessions from 

Washington. Group 3 was the smallest group comprising 7 accessions from north central 

Oregon. Group 4 consisted of all accessions from California, and some accessions from 

Idaho and Oregon. Five of 9 accessions from Idaho also clustered in this group. However, 

site characteristics of these 4 groups did not show any specific pattern of differences for 

elevation, mean annual maximum and mimimum temperature, and precipitation (Table 3- 

11). 

Accessions from Group 3 had the highest magnitude for all measured variables, 

except crude protein concentration and winter mortality (Tables A-9, A- 10). Groups 1 

and 2, which comprised accessions from Nevada, Washington, Utah, and some from 

Oregon and Idaho, had low magnitudes for all measured variables, except crude protein 

concentration and winter mortality. 

DISCUSSION 

Legumes have been shown to increase forage quality and quantity in pastures and 

rangelands (Rumbaugh et al. 1982, Posler et al. 1993, Cherney and Allen 1995, Aydin 



Height 
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Table 3-1 1. Site characteristics for 4 groups of basalt milkvetch accessions separated 
based on cluster analysis of measured variables from Evans F a m  and Millville in 2005 
and 2006. 

Temperature 
Group Accession Precip Max Min Elevation 

mm --------- "C --------- m 
1 Afz3, Af- 14, Af- 19, Af-2-1, - 

Af-22, Af-23, Af-24, Af-25, 
Af-34, Af-41, Af-53, Af-59, 
Af-61, Af-69 213-741 ' 10-17 -2-1 1,019-2,088 

2 Af-4, Af-6, Af-10, Af-28, Af- 
38, Af-43, Af-48, Af-49, Af- 
50, Af-51, Af-52, Af-54, Af- 
55, Af-56, Af-58, Af-65, Af- 
66, Af-67, Af-68 196-741 

4 Af-7, Af-8, Af-9, Af-1 1, Af- 
13, Af-15, Af-16, Af-18, Af- 
20, Af-26, Af-30.1, Af-32, Af- 
33, Af-36, Af-37, Af-39, Af- 
42, Af-44, Af-45, Af-45.1, Af- 
46, Af-47, Af-60, Af-62, Af- 
63, Af-64 Af-77 201-612 7-18 -4-3 201-612 

and UZWI 2005). Basalt milkvetch, a native legume to the Intermountain West, may have 

been overlooked for revegetationlrestoration programs because most Astragalus species 

are toxic to livestock and wildlife (Rumbaugh 1983; DiTomaso 2000), which would 

reduce its desirability for large-scale distribution and use in western North America. 

However, recent chemical analyses revealed that this plant is non-toxic (D. A. Johnson, 

unpublished data). Cheatgrass invasion in the Intermountain West has increased fire 

eequency (Whisenant 1990), so it is desirable to incorporate fire-tolerant native materials 

into land reclamation programs. From field observations, basalt milkvetch performs well 
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after fire, is an abundant seed producer, and competes well with cheatgrass (D. A. 

Johnsonj unpublished data). Therefore, basalt milkvetch has many qualities that make it a 

good candidate species for restoration, revegetation, and reclamation programs in western 

North America. 

Results of our experiments showed that 67 basalt milkvetch accessions collected 

from 6 states in the western U.S.A. varied for forage production, seed production, seed 

weight, forage quality, plant height, number of stems, number of inflorescences, crude 

protein concentration, crude protein content, acid detergent fiber, neutral detergent fiber, 

and plant vigor (Tables 3-4,3-7) in the semiarid climatic conditions of northern Utah. A 

group of accessions from north central Oregon exhibited high biomass yields at both 

Evans Farm and Millville (Tables 3-1, A-1, A-2). cluster analysis of accessions based on 

measured characteristics revealed 4 clusters or groups. Group 3 consisted of 7 accessions 

from north central Oregon, which had high biomass yields in both first and regrowth 

harvests in both years at both sites. These accessions also exhibited high plant height, 

nynber of stems, number of inflorescences, plant vigor, crude protein pool, and seed 

yield. They, however, had the lowest crude protein concentration because of their large 

plant size. Among these high yielding accessions, Af-75 had the highest total biomass 

yield across 2 years. In contrast, collections fiom Nevada, Washington, and Utah had 

lower biomass and seed yields. 

Some basalt millvetch accessions exhibited plant mortality fiom the October 

regrowth harvest to growth inititation the following spring. In our study, Af-3 1 exhibited 

no winter mortality at Evans Farm and 13 % mortality at Millville. Accessions generally 

exhibited greater mortality at Millville (35 %) than at Evans Farm (23 %) (Fig. 3-1). This 
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may be due to a shorter time interval between the harvests at Millville (about 2 

months) compared to Evans Farm (4 months). Late harvest was reported as a cause of 

significant winter mortality in Illinois bundleflower (Desmanthus illinoensis (Michx.) 

MacMill. ex. B. L. Rob & Fernald) (DeHaan et al. 2003). This suggests t'hat accessions 

such as Af-3 1 may be beneficial in plant improvement programs because of its low 

winter mortality, but high biomass and seed yields. 

In our study, differences were detected between 2005 and 2006 for biomass 

production for the June and October harvests at Evans Farm and for the August harvest at 

Millville (Table 3-4); Basalt milkvetch accessions produced greater biomass in 2006 

compared to 2005 (Table 3-5). Biomass was harvested later in the summer at Millville 

(August) than Evans Farm (June) because seed was harvested at Millville. This allowed 

late-season biomass comparisons after seed harvest. Results from Millville indicated that 

accessions with high biomass yields at the August harvest also exhibited high yields at 

the October harvest. The short (50-day) time period between the August and October 

harvests at Millville resulted in only negligible October regrowth for some accessions 

(such as Af-48), which exhibited the lowest biomass yield for both harvests in 2005 and 

2006 at Evans Farm and for both harvests in 2005 at Millville. 

Many variables such as temperature, drought, nutrient availability, growth stage, 

plant genetics, and herbivory influence forage quality (Buxton and Mertens 1995). 

Because all accessions were grown in a common garden, differences in forage quality 

among these accessions could be due to differences in plant maturity. Because plants 

were harvested at about 50 % bloom (Miller 1984), some accessions may have been at a 

different maturity stage than others. Our results confirmed that forage quality was 
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inversely correlated witli biomass yield, wl~icli has been found in other studies (White 

and Wight 1984; van der Wal et al. 2000). In our study, crude protein concentration was 

negatively correlated with biomass yield in 2005 (r = -0.23, P < 0.01), but biomass yield 

was positively correlated with ADF (r = 0.42, P < 0 .000 1) and NDF (r = 0.57, P < 

0.0001). High values of ADF and NDF in forage indicates low forage quality (Buxton 

and Mertens 1995). In 2005 at Evans Farm, crude protein concentration ranged from 98 

to 179 g kgm1 DM witli a mean of 140 g kg-' DM for the June harvest. In 2006, crude 

protein concentration ranged from 1 18 to 202 g kg-' DM with a mean of 147 g kgm' DM. 

This difference may be due to more effective legume-Rhizobium symbiosis or greater 

effectiveness at scavenging N with a more expansive root system in 2006. When 

averaged across both years, crude protein concentration was 144 g kg-' DM, which is 

higher than many legumes native to north central U.S.A. (McGraw et al. 2004). For 

example, 13 of the 15 legumes had lower crude protein concentration (mean of 128 g kg-' 

DM) than basalt milkvetch (McGraw et al. 2004). 

In our study, basalt milkvetch accessions varied for ADF and NDF, and 

accessions with low biomass generally had low ADF and NDF. Greater ADF indicates 

lower digestibility (Van Soest et al. 1991), and greater NDF indicates low dry matter 

intake (Van Soest 1994). Basalt milkvetch accessions with low NDF and ADF likely 

would provide forage with a high proportion of nutrients to herbivores. Higher ADF and 

NDF in plants with high biomass are quite common because as plants grow larger, the 

leaf to stem ratio typically decreases, and more structural tissues are formed to support 

the plant. DeHaan et al. (2003) reported that NDF and leaf fraction were negatively 

correlated in Illinois bundleflower in Minnesota. High ADF and NDF in Af-75 were 
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associated with high biomass in our study. In general, NDF was lower in basalt 

milkvetch (mean = 420 g kg-') than NDF,for 15 native legumes from north central U.S.A. 

(mean = 571 g kgm' DM) (McGraw et al. 2004). Values of ADF for the 15 native legumes 

(mean = 416 g kg") were higher than values for basalt milkvetch (mean = 348 g kg-'). 

Consequently, our results indicated that basalt milkvetch produces a good quality forage. 

Basalt milkvetch accessions with high biomass yields had high crude protein pools and 

ADF and NDF values, but low crude protein concentrations. When the amount of forage 

and total available crude protein are critical, selection of accessions with high biomass 

yield would be beneficial (van der Wal et al. 2000) to provide greater amounts of total 

protein to herbivores than low yielding accessions with high crude protein content. 

When plants produce low-weight seeds, a greater number of seeds can be 

produced for the given amount of carbon and nutrient resources compared to production 

of heavier seeds (Turnbull et al. 1999; Jakobsson and Eriksson 2000). However, heavier 

seeds within a species typically have high seedling vigor (Westoby et al. 2002), are able 

to emerge from a deep soil depth (Johnson 1985), and have a greater chance of successful 

establishment under severe environmental conditions (Asay and Johnson 1983; Milberg 

et al. 1998; Jakobsson and Eriksson 2000). Although seed weights varied significantly 

among basalt milkvetch accessions, most accessions did not differ significantly from each 

other. Among accessions with high seed yields, Af-30.1 had significantly heavier seeds 

than Af-5 and Af-75 in 2006, but not in 2005. Similar results were found with seed 

weight mong ecotypes of sweetvetch (Hedysarum boreale Nutt.) (Johnson et al. 1989). 

In the present study, seed weight in basalt milkvetch accessions was positively correlated 

with biomass yield in 2005 (r = 0.49, P < 0.0001) and 2006 (r = 0.60, P < 0.0001), which 
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was similar to results for Viola grypoceras A. Gray (Salcai and Sakai 1996). Seed 

yields in our study varied significantly among basalt millcvetch accessions, and 

accessions with high seed yield generally had high biomass yield. In 2005, Af-5 had the 

highest seed yield per plot, but Af-5 produced less seed in 2006 than 2005. A similar 

trend was observed for Af-75. This could be due to high winter mortality with 50 % for. 

Af-75 and 33 % for Af-5. 

Pre-dispersal predation of seeds can significantly limit species recruitment by 

reducing seed production (Louda et al. 1990). A significant pre-dispersal seed predation 

of basalt milkvetch (more than 80 % in 1980 and 60 % in 198 1) was documented in field 

sites in Oregon (Youtie and Miller 1986). Our study at Millville with Imidacloprid 

systemic insecticide, confirmed their findings and showed that plants treated with 

Imidacloprid produced significantly higher seed arnomts than non-treated control 

treatments in 2006 (Tables 3-5,3-7). However, a significant treatment effect was not 

detected in 2005. This could be because seed predators may not have colonized our field 

plots sufficiently high in 2005, given that no naturalized populations of basalt millcvetch 

occwed in nearby areas. Another reason may be the low seed yields that occwed in 

2005 (38 % of the seed yield in 2006). Our study also showed that insect predation was 

independent of accessions, given a nonsignificant interaction between insecticide and 

accessions. 

In our study, number of stems was closely related to biomass yield, which was 

closely correlated with seed yield. These correlations suggest that selecting plants with 

many stems would generally result in plants with high biomass and high seed yield in 
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basalt milkvetch. Numbers of stems would be a fast, easy way to select accessions with 

high biomass and seed yield. 

We observed in our study that basalt milkvetch has the ability to develop new 

shoots from lateral roots, which is not typical of most Astragalus species (Barneby 1964). 

Creeping rootedness has been reported for alfalfa (Medicago sativa L.) and is believed to 

increase sward persistence under grazing (Pecetti and Piano 2002; Pecetti et al. 2004). 

Alfalfa accessions that exhibit creeping rootedness have latent stem apices on the roots 

(Pecetti and Piano 2002). This characteristic was not consistently observed in any 

particular accession of basalt milkvetch, but was noticed on several occasions. We also 

observed that when the main crown died in some basalt milkvetch accessions, plant 

shoots were able to regenerate by developing new crowns below the previous one. 

Further investigation of this characteristic in basalt milkvetch populations may be useful 

in plant improvement programs for this species. 

MANAGEMENT IMPLICATIONS 

Changes in rangeland botanical composition due to anthropogenic acitivities has 

increased fire frequency in the Great Basin (Whisenant 1990) and threatens the ecological 

and economical sustainability of the region (Miller et al. 1994; Pellant et al. 2004). 

Restoring native vegetation on'degraded rangelands can restore ecosystem hctionality 

(Roundy et al. 1995), and thus make rangeland ecosystem services sustainable. Arid and 

semiarid rangelands and pastures are usually N limited, and legumes can increase forage 
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production and forage quality on these lands (Posler et al. 1993). Only a few native 

legumes are available for restoring the Intermountain West (Johnson et al. 1989; Pylte et 

al. 2003). Basalt milkvetch is one North American legume that is widely distributed 

(Isely 1998) and may have potential for rangeland revegetation and restoration efforts. 

Although most Astragalus species are toxic to livestock and wildlife (Rumbaugh 1983; 

DiTomaso 2000), no instances of toxicity have been reported for basalt millwetch. This 

species exhibits a flush of growth after fire, has good forage and seed production, has 

high forage quality, and is able to compete with cheatgrass. The results of my study 

indicated that accessions Af-5, Af-29, Af-30, Af-3 1, Af-70, Af-75, and Af-76 have 

considerable potential for use in plant improvement programs to provide plant materials 

for revegetation and restoration of degraded rangelands in areas similar to northern Utah 

in the Intermountain West. However, accessions from Nevada, Washington, Utah, and 

some accessions from Idaho and Oregon showed poor biomass and seed yield, suggesting 

that they may not be good to incorporate in plant improvement programs to maximize 

forage and seed yields. 
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CHAPTER 4 

SUMMARY 

Thousands of hectares of rangelands need to be revegetated each year due to 

wildfire and to improve degraded rangelands in the Intermountain West of U.S.A. With 

preference increasing towards the use of native plants in revegetating degraded 

rangelands and thus regenerating ecosystem function, demand for native plants has 

increased. However, difficulty in purchasing commercially available seed, establishing 

many native plants (especially forbs), and livestock toxicity of many native legumes 

(Rumbaugh 1983; DiTomasso 2000) are major obstacles in using them in rangeland 

revegetation and restoration programs in the Intermountain West. Release of germplasm 

or cultivars of native plants with desirable characteristics can bridge the existing gap 

between supply and demand of jlative plant materials for use in improving degraded 

rangelands in the Intermountain West of U.S.A. Evaluation of various populations of 

plants in common gardens allows comparison of genotypic and phenotypic differences 

among plant populations. Identification of desirable characters is an important step for 

developing suitable germplasm or cultivars for revegetation, reclamation; and restoration 

purposes. My studies were conducted to evaluate and identify the best populations of a 

non-toxic North American legume (basalt milkvetch) for biomass and seed production. 

Because associated rhizobial strains are needed for maximizing N fixation, my studies 

also evaluated the infectiveness and effectiveness of rhizobial strains for N fixation in 

basalt milkvetch. 
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In Chapter 2, results from two greenhouse experiments were discussed that 

related to the evaluation of rhizobial strains and N fixation in basalt milkvetch. 

Greenhouse Experiment A showed no interaction between rhizobial treatments and basalt 

milkvetch accessions for N fixation, suggesting that the identified rhizobial strain would 

be best across basalt milkvetch accessions. In Greenhouse Experiment A, rhizobial strain 

1-49 was the best rhizobial strain that produced plants with the greatest nodule weights, 

and number of nodules. In Greenhouse Experiment B, 1-49 was also the best rhizobial 

strain for.shoot N pool, total N pool, and number of nodules, except that 1-48 was not 

significantly different from 1-49. As a result, 1-49 was the most suitable rhizobial strain 

for basalt milkvetch. Also, nodule weight was a better indicator of N fixation than 

number of nodules because nodule weight was more closely related to total N pool and 

total biomass than number of nodules. A high positive correlation between total N pool 

and total biomass in Greenhouse Experiment B indicated that growth of basalt milkvetch 

can be increased by providing infective and effective rhizobial strains. 

In Chapter 3, experiments were described that involved the evaluation of 67 basalt 

milkvetch accessions for forage and seed production and forage quality at two field sites 

(Evans Farm and Millville) in 2005 and 2006. The study at Evans Farm showed that 

accessions from north central Oregon exhibited high biomass yield in summer and fall in 

both years. Accessions fiom Nevada, Washington, and Utah, and some accessions from 

Oregon and Idaho showed poor biomass production in both summer and fall. Forage 

quality was measured by crude protein concentration, neutral detergent fiber (NDF), and 

acid detergent fiber (ADF). In general, basalt inilkvetch accessions with low biomass had 

high crude protein concentration. ADF and NDF were positively correlated with biomass 
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yield. Accessions with high and low biomass differed little for crude protein 

concentration, ADF, and NDF. Accessions with high biomass yields (Af-5, Af-29, Af-33) 

did not differ &om accessions with low biomass yields (Af-20, Af-54, Af-69) for ADF 

and NDF. Also, accessions with high biomass yield had a high crude protein pool. At 

Millville, accessions from north central Oregon also showed high biomass and seed yield. 

Seed weight per 100 seeds varied among basalt milkvetch accessions, and positive 

correlations of seed weight and biomass indicated that acckssions with high biomass 

yields had a tendency to produce heavier seeds. Significant seed predation was observed 

in 2006 but not in 2005, which could be due to the high seed yields and a greater number 

of seed predators in 2006. No significant interactions between basalt milkvetch 

accessions and insecticide treatment indicated that seed predators did not prefer one 

basalt milkvetch accession over another. High correlations between number of stems and 

biomass and seed yield indicated that number of stems is a good'predictor of high 

biomass i d  seed production. Greater winter mortality was observed at Millville than 

Evans Farm and may be due to a shorter regrowth interval at Millville than Evans Farm. 

Plant height did not vary between 2005 and 2006, but number of stems, number of 

inflorescences, biomass, and seed yields were greater in 2006 than 2005. 

Basalt milkvetch is a promising native legume species for use in revegetation, 

reclamation, and restoration of rangelands in western North America. Greenhouse studies 

showed that 1-49 rhizobial strain was the best strain for maximizing biological N fixation 

in basalt milkvetch. Field studies showed that accessions fiom north central Oregon 

produced the greatest biomass yields of all basalt millvetch accessions. Consequently, I- 
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49 rhizobial strain and basalt millvetch accessions fiom north central Oregon have the 

most promise for subsequent plant improvement efforts for this species. 
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Table A-1. Mean comparisons of June biomass and October regrowth of basalt 
milkvetch accessions from Evans Farm in 2005 and 2006. 

2005 2006 
Accession June Oct. June Oct. 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 10 
Af-11 
Af- 13 
Af-14 
Af- 15 
Af-16 
Af- 18 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-30 
Af-3 0.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-36 
Af-37 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 
Af-45.1 

4.6 cdefghij klin 
1.6 Im 
13.0 bcdefgh 
5.1 cdefghij klm 
12.8 bcdefg 
5.9 bcdefghijkl 
5.1 cdefghij klm 
3.9 defghij klm 
6.2 bcdefghijkl 
4.5 bcdefghij klm 
2.8 efghijklm 
3.9 cdefghijklm 
4.0 cdefghijklm 
12.3 bcdefghi 
2.9 efghijklm 
2.3 efghijklm 
3.1 efghij klm 
5.1 bcdefghijklm 
4.1 bcdefghij klin 
4.3 cdefghijklm 
4.0 cdefghijklm 
8.4 bcdefghijk 
1.9 klm 
23.2 ab 
17.8 bcd 
14.4 bcdef 
19.1 abc 
5.5 bcdefghijkl 
9.5 bcdefghijk 
6.0 bcdefghijklm 
7.2 bcdefghijkl 
6.6 bcdefghijkl 
2.4 jklin 
10.0 bcdefghij 
3.7 efghijklm 
10.0 bcdefghij 
2.6 jklm 
7.4 bcdefghijkl 
5.7 bcdefghijklm 

1 1.8 cdefghijklmnol 
3.3 no 
43.8 a 
9.4 efghijlclmno 
19.9 abcdefgh 
17.0 abcdefghijk 
9.0 efghijlclmno 
8.0 efghij klmno 
9.1 efghijklmno 
13.7 bcdefghijklm 
9.6 defghij klmno 
10.6 defghijklinno 
1 1.7 bcdefghijklmn 
24.8 abcdef 
9.5 defghij klmno 
9.8 defghijklmno 
1 1.7 cdefghijklmno 
9.5 defghijklmno 
8.9 efghij klmno 
6.9 fghijklmno 
6.0 ghijlclmno 
19.0 abcdefghi 
5.0 klmno 
28.7 abcdef 
30.8 abcd 
24.4 abcdefgh 
39.6 ab 
18.0 abcdefghijk 
19.0 abcdefghij 
7.3 fghijklmno 
20.3 abcdefghij 
1 1.4 defghijklmno 
6.3 jklmno 
14,9 bcdefghij klrn 
9.0 efghijklmno 
15.9 abcdefghijkl 
5.2 klinno 
19.9 abcdefghijk 
1 1.7 bcdefghijklmn 

30.5 abcdefghijk 
105 abcdefghij k 
83.0 ab 
29.1 abcdefghijk 
75.8 abcdefg 
55.8 abcdefghij 
36.9 abcdefghijk 
24.9 abcdefghijk 
27.9 abcdefghijk 
34.0 abcdefghijk 
24.3 abcdefghijk 
25.7 abcdefghijk 
32.0 abcdefghijk 
70.7 abcdefg 
32.1 abcdefghijk 
20.0 efghijk 
3 1.3 abcdefghijk 
36.1 abcdefghij k 
19.3 defghijk 
21.3 fghijk 
30.2 abcdefghijk 
4 1.5 abcdefghij 
6.4 ijk 
85.1 abcdef 
89.1 abcd 
41.0 abcdef 
89.8 abcde 
35.4 abcdefghij 
73.3 abcdef 
3 7.5 abcdefghijk 
40.4 abcdefghijk 
40.2 abcdefghij 
18.6 defghijk 
45.8 abcdefghi 
32.0 abcdefghijk 
68.3 abcdefg 
17.8 ghijk 
64.9 abcdefghi 
3 5.4 abcdefghij 

1 1.3 bcdefghijk 
4.0 ghijkl 
19.7 abcdefghijk 
10.7 efghijlc 
24.6 abcdefg 
18.7 abcdefghij 
16.2 bcdefghijk 
10.7 bcdefghijk 
12.6 bcdefghijk 
9.6 cdefghijk 
6.5 efghijlc 
8.6 defghijk 
10.1 cdefghij k 
24.1 abcdefg 
5.4 fghijkl 
5.9 efghijkl 
6.5 fghijkl 
12.6 bcdefghijk 
9.6 cdefghijk 
12.5 bcdefghijk 
8.0 defghijk 
18.7 abcdefghij 
4.4 ghijkl 
59.0 a 
44.2 abc 
33.1 abcdefg 
47.3 ab 
18.1 abcdefghij 
23.7 abcdefgh 
19.3 abcdefghijk 
12.8 bcdefghijk 
17.2 abcdefghijk 
4.4 llijkl 
17.9 abcdefghij 
7.7 defghijk 
22.8 abcdefghi 
2.6 kl 
13.0 bcdefghijk 
14.7 bcdefghijk 

18.1 abcdefghijk 12.0 bcdefghij 64.0 abcdefgh 19.5 abcdefghijk 



Table A- 1 (continued) 
2005 2006 

Accession June Oct. 

10.6 bcdefghijklmno 
15.2 bcdefghijklm 
2.2 0 

3.4 mno 
4.5 lmno 
5.5 ghijklmno 
5.1 klinno 
10.3 defghij klmno 
5.4 ijklmno 
6.0 jltlinno 
8.4 efghijklmno 
10.6 defghijklmno 
I 1.1 efghijklmno 
12.8 bcdefghijklmn 
9.9 defghijklmno 
10.5 defghijklmno 
12.7 bcdefghijklm 
9.7 efghijklmno 
4.7 jklmno 
5.1 klmno 
16.3 abcdefghijk 
5.4 hij klrnno 
8.2 efghijklmno 
26.1 abcde 
22.1 abcdefg 
34.6 abc 

9.6 bcdefghijk 
10.5 bcdefghij 
0.5 rn 
0.9 Im 
2.3 ijklm 
1.9 ghijklin 
2.3 ijklm 
6.6 bcdefghijltl 
2.8 efghijklin 
1.9 ijllin 
1.6 jltlm 
3.0 efghijklm 
3.5 defghijklm 
2.8 ghijltlin 
2.4 hijklm 
4.1 efghijklm 
5.1 bcdefghij klm 
5.2 bcdefghijklm 
2.1 fghijklm 
1.9 jltlm 
4.3 cdefghijklm 
1.8 jklm 
4.2 cdefghijklin 
14.0 bcde 
69.2 a 
18.labc 

47.1 abcdefghij 
67.0 abcdefghij 
2 4 k  
7.1 jk 
14.9 fghijk 
7.5 hijk 
13.0 fghijk 
34.6 abcdefghijk 
17.0 abcdefghijk 
1 1.2 fghijk 
15.9 defghijk 
13.0 fghijk 
25.4 cdefghijk 
23.0 defghijk 
22.3 bcdefghijk 
36.2 defghijk 
42.6 abcdefghijk 
42.3 abcdefghijk 
17.8 efg\ijk 
15.7 fghijk 
47.6 abcdefghij 
22.2 defghijk 
37.2 abcdefghijk 
62.8 abcdefg 
114.0 a 
88.1 abc 

25.6 abcdefghi 
20.4 abcdefghijk 
0.5 1 
6.0 ghijkl 
4.4 ghijkl 
2.6 ijkl 
3.8 jkl 
12.5 bcdefghijk 
6.4 fghijkl 
2.9 jkl 
5.0 fghijkl 
5.8 fghijkl 
9.0 defghijk 
5.9 fghijkl 
7.0 efghijk 
1 1.9 defghijk 
14.1 abcdefghijk 
12.0 bcdefghijk 
7.0 efghijk 
4.2 ghijkl 
8.4 efghijk 
5.8 ghijkl 
15.7 abcdefghijk 
3 1.4 abcdef 
35.9 abcde 
3 7.1 abcd 

12.7 bcdefghijklm 5.3 bcdefghijkl 45.4 abcdefghij 1 1.4 bcdefghijk 
'values followed by the same letter within a column are not statistically significant at P = 

0.05. 
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Table A-2. Mean comparisons of August biomass and October regrowth of basalt 
milkvetch accessions from Millville in 2005 and 2006. 

Accession August Oct. August 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 10 
Af-1 1 
Af-13 
Af-14 
Af- 15 
Af- 16 
Af- 18 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-30 
Af-30.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-3 6 
Af-37 
Af-3 8 
Af-39 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 

2 1 2  hijklmnopqrl 
14.4 jklmnopqr 
82.6 abcde 
2 1.8 hijlclmnopqr 
1 8.5 hijklmnopqr 
40.4 bcdefghijlclm 
39.4 defghijklmno 
13.2 klmnopqr 
4 1.1 bcdefghijlclin 
39.6 bcdefghijklm 
26.3 fghijklinnopqr 
34.8 defghijklmno 
32.8 efghijklinnopq 
40.0 cdefghijklinn 
1 8.7 hijklmnopqr 
4 1.7 bcdefghijkl 
17.7 hijkhnnopqr 
15.8 jklinnopqr 
1 5.1 j klinnopqr 
2 1.8 hijklmnopqr 
16.0 jklmnopqr 
3 8.1 cdefghijlclinn 
16.6 jklmnopqr 
84.9 abc 
97.7 a 
59.6 abcdefghi 
93.1 ab 
64.5 abcdefg 
46.1 abcdefghij 
14.1 jklmnopqr 
34.4 fghijklinnopq 
39.4 bcdefghijklin 
16.1 ijklmnopqr 
25.3 fghijklinnopqr 
22.5 hij klmnopqr 
29.3 fghijklmnopq 
12.5 innopqr 
42.4 bcdefghijkl 
3 9.1 cdefghij klmno 

2.5 ghijklinn 
0.9 kll& 
17.4 a 
2.1 ghijklinn 
1.2 hijlclmn 
3.4 efghijklm 
3.1 efghijlclin 
1.2 jlclmn 
2.4 fghijlclmn 
1.4 ghijklmn 
1.0 jklinn 
2.2 ghijklmnn 
2.0 ghijlclmn 
6.4 cdefghi 
2.4 ghijklmn 
1.3 hijkllnn 
0.3 mn 
1.5 ghij klmn 
0.8 jklmn 
1.7 ghijklmn 
0.7 klmn 
3.9 efghijkl 
1.6 ghijklinn 
10.0 abcde 
16.9 ab 
7.0 abcdefg 
13.8 abcd 
4.0 efghijkl 
3.0 efghijklmn 
2.1 ghijklmn 
3.2 fghijklmn 
5.6 cdefghij 
1.5 ghijklmn 
3.7 efghijklm 
1.1 ij klmn 
2.4 ghijklmn 
0.7 klmn 
3.3 efghijlclmn 
2.8, efghijklmn 

46.9 efghijlclmnopqrst 
22.0 nopqrst 
60.7 cdefghijklmnopqrs 
23.3 opqrst 
42.5 fghijklmnopqrst 
88.9 abcdefghij 
88.2 abcdefghijk 
24.4 lnnopqrst 
82.0 abcdefghijklmn 
84.0 abcdefghijkl 
57.5 defghijklmnopqrst 
70.1 abcdefghijklmnopq 
73.0 abcdefghijklmnop 
84.5 abcdefghij klin 
63.0 cdefghijklinnopqr 
86.7 abcdefghijk 
3 8.5 fghijklmnopqrst 
3 1.9 jklmnopqrst 
3 5.5 ghijklmnopqrst 
44.4 efghijklinnopqrst 
35.0 hijkhnnopqrst 
87.2 abcdefghijk 
15.0 rst 
123.7 abcd 
136.1 ab 
85.6 abcdefghijkl 
147.2 a 
107.3 abcde 
108.4 abcde 
3 8.8 fghijklmnopqrst 
65.2 bcdefghijklmnopqr 
68.2 bcdefghijklmnopqr 
23.9 innopqrst 
44.4 efghijklmnopqrst 
49.4 efghijklmnopqrst 
69.4 bcdefghijklmnopqr 
33.9 ij klinnopqrst 
88.4 abcde fghij 
82.8 abcdefghijklm 

Af-45.1 39.9 cdefghijklinnop 4.3 efghijklm 94.1 abcdefghi 



Table A-2 (continued) 
2005 2006 

46.3 abcdefghijk 
46.9 abcdefghij 
3.6 r 
7.7 pqr 
18.3 ijklinnopqr 
7.7qr 
5.6 r 
1819 hijklmnopqr 
7.6 pqr 
7.3 pqr 
10.0 nopqr 
15.4 jklinnopqr 
20.1 hijkhnnopqr 
40.3 cdefghijklmn 
3 3.0 fghijklinnopq 
29.0 ghijklinnopq 
22.7 hijklmnopqr 
30.0 fghijklmnopq 
9.8 opqr 
8.3 innopqr 
1 1.6 l~nnopqr 
10.6 nopqr 
17.5 hijklmnopqr 
78.labcdef 
55.3 abcdefgh 
83.8 abcd 

7.4 bcde fgh 
4.5 defghijk 
0.0 n 
0.3 h n  
1.2 jklmn 
0.6 klinn 
0.3 inn 
1.4 ghijklmn 
0.3 Imn 
0.2 inn 
0.6 klmn 
0.8j klinn 
1 .Ojklmnn 
3.5 efghijklin 
0.7 klinn 
0.9jklmn 
1.7 ghijklmn 
1.4 ghijklmn 
0.4 mn 
0.1 mn 
0.7j k h n  
0.9jklinn 
1.8 ghij klmn 
13.9abc 
17.4a 
10.2abcdef 

9 1.2 abcdefghij 
96.8 abcdefh 
13.1 pqrst 
1 5.4 qrst 
19.6 pqrst 
25.4 lmnopqrst 
7.2 st 
3 2.4 jlclmnopqrst 
13.7 qrst 
5.4 t 
16.4 qrst 
16.5 qrst 
3 8.4 ghijklmnopqrst 
98.1 abcdefg 
63.5 bcdefghijklmnopqr 
78.3 abcdefghijklinno 
5 5.8 efghijlclmnopqrs 
66.4 bcdefghijklinnopqr 
23.4 mnopqrst 
15.4 pqrst 
25.9 klmnopqrst 
22.5 opqrst 
48.6 efghijklinnopqrst 
126.6 abc 
47.5 efghij klmnopqrst 
102.9 abcdef 

Af-77 3 5.1 defghijklinno 2.6 efghijlclinn . 74.8 abcdefghijlclinnop 
'values followed by the same letter within a column are not statistically significant at P = 

0.05. 
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Table A-3. Mean comparisons of crude protein concentration (CPC) and crude protein 
pool (CPP) of basalt milkvetch accessions from Evans Farm in 2005 and 2006. 

CPC CPP 
Accession 2005 2006 2005 , 2006 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 10 
Af-1 1 
Af- 13 
Af-14 
Af- 15 
Af- 16 
Af- 1 8 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-30 
Af-3 0.1 
Af-3 1 
Af-32 
Af-33 
Af-3 4 
Af-3 6 
Af-37 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 

141 abcdefghl 
138 abcdefgh 
106 fgh 
132 abcdefgh 
143 abcdefg 
140 abcdefgh 
132 abcdefgh 
146 abcdefg 
148 abcdefg 
153 abcdef 
132 abcdefgh 
143 abcdefgh 
144 abcdefg 
138 abcdefgh 
165 abc 
141 abcdefgh 
127 abcdefgh 
146 abcdefg 
13 8 abcdef& 
13 1 abcdefgh 
138 abcdefgh 
146 abcdefgh 
108 defgh 
13 1 abcdefgh 
100 gh 
141 abcdefgh 
124 abcdefgh 
143 abcdefgh 
1 14 bcdefgh 
132 abcdefgh 
124 abcdefgh 
135 abcdefgh 
167 abc 
155 abcdef 
144 abcdefg 
15 1 abcdef 
154 abcdef 
154 abcdef 
13 7 abcdefgh 

152 abcdefgh 
12 1 abcdefghij 
147 abcdefghij 
120 abcdefghij 
148 abcdefghij 
145 abcdefghij 
142 abcdefghij 
146 abcdefghij 
160 abcdef 
145 abcdefghij 
144 abcdefghij 
139 bcdefghij 
14 1 bcdefghij 
13 9 bcdefghij 
148 abcdefghij 
142 abcdefghij 
150 abcdefghi 
170 abc 
154 abcdefgh 
147 abcdefghij 
142 abcdefghij 
128 efghij 
167 abcd 
156 abcdefg 
123 ghij 
140 abcdefghij 
118 j 
136 cdefghij 
119 ij 
146 abcdefghij 
127 defghij 
144 abcdefghij 
202 abc 
165 abcd 
144 abcdefghij 
125 abcdefghij 
145 abcdefghij 
1 34 cdefghij 
134 defghij 

0.4 efghijklinno 
0.1 vw 
0.9 a 
0.3 lmnopqrs 
0.6 abcde , 
0.5 bcdefghi 
0.2 jkl~nnopqr 
0.3 jkl~nnopqr 
0.3 hijkl~nnopq 
0.5 bcedfghijk 
0.3 ghijklmnopq 
0.3 fghij kl~nnopq 
0.4 efghijltlmn 
0.7 abcd 
0.3 efghij klmno 
0.3 fghij klmnopq 
0.3 fghij khnnopq 
0.3 fghijklmnopq 
0.2 ijklmnopq 
0.2 innopnpqrst 
0.2 nopnpqrstu 
0.6 abcde 
0.2 tuvw 
0.8 abc 
0.6 abcd 
0.8 abcde 
1.0 a 
0.6 bcdefg 
0.5 bcedfghij 
0.2 innopnpqrst 
0.5 bcedfghi 
0.4 ghijkhnnopq 
0.3 opqrstuv 
0.5 bcedfghij 
0.3 hij kl~nnopq 
0.5 bcdefgh 
0.2 qrstuvw 
0.6 bcdef 
0.5 efghijltlinn 

1.45 efghijltlmnopqrs 
0.89 klmnopqrstuvw 
3.36 a 
1.2 nopqrstuvwx 
2.56 abcde 
1.72 bcdefghij klmn 
1.26 hijkhnnopqrstu 
1.18 fghijltlinnopqrst 
1.23 ghijltlmnopqrstu 
1.40 defghijklmnopqr 
0.82 linnopqrstuvwx 
0.87 mnopqrskvwx 
1.09 ijkltnnopqrstuv 
2.13 abcdefg 
1.08 ghijltlmnopqrstu 
0.59 rstuvwxy 
1.02 ijkl~nnopqrstuv 
1.42 bcdefghijklmnop 
0.76 opqrstuvwx 
0.67 stuvwxy 
0.98 jkhnnopqrstuv 
1.3 5 cdefghijklmnop 
0.44 wxy 
3.14 ab 
2.67 abcd 
2.54 abcdef 
2.13 abcdefg 
1.3 5 bcdefghijkl~nnop 
2.05 abcdefghij 
1.33 ghijklinnopqrst 
1.05 ghijltlmnopqrst 
1.68 bcdefghijkltnno 
1.09 klmnopqrstuvw 
2.05 abcdefgh 
1.03 hnnopqrstuvw 
1.98 abcdefghi 
0.73 uvwxy 
2.05 bcdefghijklm 
1.60 abcdefghij 

Af-45.1 157 abcde 15 1 abcdefgh 0.6 bcdef 2.34' defghij klinnop 



Table A-3 (continued) 

144 abcdefg 
129 abcdefgh 
157 abcde 
163 abc 
141 abcdefgh 
142 abcdefgh 
179 a 
147 abcdefg 
153 abcdef 
122 bcdefgh 
1 19 bcdefgh 
1 13 cdefgh 
125 abcdefgh 
141 abcdefgh 
13 1 abcdefgh 
170 ab 
16 1 abcd 
148 abcdefg 
155 abcdef 
179 abc 
144 abcdefg 
15 1 abcdef 
171 ab 
1 16 bcdefgh 
95 h 
109 efgh 

165 abcd 
147 abcdefghij 

- .  

160 abcde 
156 abcdefg 
153 abcdefgh 
150 abcdefghij 
179 a 
179 abcdefgh 
162 abcde 
143 abcdefghij 
152 abcdefgh 
152 abcdefgh 
155 abcdefg 
147 abcdefghij 
153 abcdefgh 
15 1 abcdefgh 
154 abcdefg 
147 abcdefghij 
153 abcdefgh 
157 abcdef 
159 abcdef 
174 ab 
160 abcdef 
126 fghij 
142 abcdefghij 
122 hij 

0.4 efghijklinnop 
0.4 efghijklmn 
0.1 uvw 
0.1 stuvw 
0.1 stuvw 
0.2 opqrstuv 
0.2 nopqrst 
0.3 fghijklinnopq 
0.2 pqrstuv 
0.2 rstuvw 
0.2 mnopqrst 
0.3 lclinnopqrs 
0.3 ldinnopqrs 
0.4 efghijlcl~nn 
0.3 hijklinnopq 
0.4 defghijklin 
0.4 cdefghijkl 
0 3 ghij klmnopq 
0.2 qrstuv 
0.1 w 
0.5 bcdefgh 
0.2 nopnpqrstu 
0.3 fghijklmnopq 
0.7 abcd 
0.5 bcedfghijkl 
0.8 ab 

2.13 abcdef 
2.04 abcdefghijlcl 
0.28 y 
0.40 xy 
0.70 qrstuvwxy 
0.50 vwxy 
0.79 pqrstuvwx 
1.45 defghijlclmnopqrs 
1.13 lclmnopqrstuvw 
0.61 tuvwxy 
0.73 pqrstuvwx 
0.6 1 qrstuvwxy 
0.89 mnopqrstuvwx 
0.83 pqrstuvwx 
1 .OO mnopqrstuvwx 
1.54 ghijklmnopqrstu 
1.45 bcdefghijklmnop 
1.65 defghijklmnopq 
0.66 pqrstuvwxy 
0.79 qrstuvwxy 
1.95 abcdefghijk 
1 .OO linnopqrstuvw 
1.30 defghijklinnopqrs 
2.04 abcdefghi 
2.7 abcde 
2.50 abc 

Af-77 163 abcd 135 cdefghij 0.4 bcedfghijk 1.3 1 cdefghijklmnop 
'values followed by the same letter within a column are not statistically significant at P = 

0.05. 
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Table A-4. Mean comparisons of seed weight (per 100 seeds) and seed yield of basalt 
milkvetch accessions from Millville in 2005 and 2006. 

2005 2006 
f l  Seed yield 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af-10 
Af-1 1 
Af- 13 
Af- 14 
Af- 15 
Af- 16 
Af- 18 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-3 0 
Af-30.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-36 

' Af-37 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
A f-43 
Af-44 
Af-45 
Af-45.1 
Af-46 

g 100" seed 

0.33 defl 
0.35 cdef 
0.42 abcdef 
0.37 abcdef 
0.36 bcdef 
0.39 abcdef 
0.35 cdef 
0.39 abcdef 
0.54 abcde 
0.49 abcdef 
0.45 abcdef 
0.47 abcdef 
0.37 abcdef 
0.43 abcdef 
0.39 cdef 
0.4 1 abcdef 
0.33 def 
0.34 cdef 
0.46 abcdef 
0.49 abcdef 
0.43 abcdef 
0.48 abcdef 
0.37 abcdef 
0.50 abcdef 
0.52 abcdef 
0.60 a 
0.59 ab 
0.47 abcdef 
0.55 abcd 
0.34 cdef 
0.55 abcd 
0.42 abcdef 
0.42 abcdef 
0.34 abcdef 
0.45 abcdef 
0.45 abcdef 
0.49 abcdef 
0.48 abcdef 
0.40 abcdef 
0.46 abcdef 
0.58 abc 

g plot-1 

0.43 abcde 
0.06 cde 
9.51 a 
0.15 cde 
0.04 e 
0.05 cde 
1.05 bcd 
0.27 bcde 
0.98 abcde 
2.32 abcde 
0.12 cde 
0.67 abcde 
0.16 bcde 
2.48 abcde 
0.2 1 bcde 
I .OO abcde 
0.50 abcde 
0.76 abcde 
0.33 bcde 
0.27 bcde 
0.26 bcd 
2.43 abcde 
0.90 abcde 
1.24 abcde 
7.03 ab 
3.54 abcde 
2.89 abcde 
1.50 abcde 
1.02 abcde 
0.04 de 
0.58 abcde 
0.75 bcde 
0.19 bcde 
0.47 abcde 
0.59 bcde 
0.16 bcde 
0.09 de 
0.57 bcde 
0.38 bcde 
0.33 bcde 
0.30 de 

g 100~' seed 

0.38 ijkllnn 
0.37 jklrnn 
0.44 bcdefghijklmn 
0.33 Imn 
0.46 abcdefghijklm 
0.47 abcdefghijklm 
0.42 bcdefghij klmn 
0.45 bcdefghijltlmn 
0.59 abc 
0.50 abcdefghijkl 
0.49 abcdefghijkl 
0.48 abcdefghijklm 
0.43 bcdefghijklmn 
0.50 abcdefghijkl 
0.46 abcdefghijklm 
0.43 bcdefghijklmn 
0.39 ghijklmn 
0.40 lmn 
0.43 bcdefghijklnin 
0.55 abcdefghi 
0.49 abcdefghijkl 
0.55 abcdefgh 
0.38 ijltllnn 
0.46 abcdefghijklm 
0.59 abc 
0.62 a 
0.58 abcd 
0.56 abcdefg 
0.57 abcdef 
0.43 bcdefghijklmn 
0.57 abcdef 
0.45 bcdefghijklmn 
0.39 ghijklmn 
0.34 Imn 
0.46 abcdefghijklm 
0.43 bcdefghijklmn 
0.6 1 cdefghijklmn 
0.47 abcdefghijklm 
0.49 abcdefghijkl 
0.46 abcdefghijklmn 
0.55 abcdefgh 

g 

0.70 abcde 
0.84 abcde 
4.71 abcd 
0.57 abcde 
1.18 abcde 
6.22 abc 
2.28 abcde 
1.32 abcde 
2.89 abcde 
3.26 abcd 
3.30 abcde 
2.20 abcde 
2.1 1 abcde 
4.27 abcde 
3.47 abcde 
1 .OO abcde 
2.33 abcde 
1.19 abcde 
0.87 abcde 
1.07 abcde 
2.8 1 abcde 
2.79 abcde 
0.5 1 abcde 
1.88 abcde 
7.38 abcd 
4.46 abcd 
7.47 abcd 
6.5 1 abcde 
2.82 abcde 
1.07 abcde 
6.63 a 
5.63 ab 
2.04 abcde 
3.39 abcde 
3.88 abcd 
3.4 1 abcde 
0.45 abcde 
1.79 abcde 
1.84 abcde 
5.65 abcd 
0.22 cde 

Af-47 0.44 abcdef 1.99 abcde 0.40 efghijklmn 1.42 abcde 



Table A-4 (continued) 

Accession Seed weight Seed yield Seed weight Seed yield 

g 100-' seed 

0.38 abcdef 
0.41 abcdef 
0.42 abcdef 
0.43 abcdef 
0.50 abcdef 
0.61 a 
0.56 abcd 
0.30 f 
0.30 ef 
0.32 def 
0.47 abcdef 
0.44 abcdef 
0.48 abcdef 
0.56 abcd 
0.34 def 
0.41 abcdef 
0.40 abcdef 
0.40 abcdef 
0.32 def 
0.37 abcdef 
0.46 abcdef 
0.53 abcdef 
0.40 abcdef 
0.55 abcd 

g plot-' 

0.05 bcde 
0.04 bcde 
0.1 1 bcde 
0.01 e 
0.01 de 
0.6 1 abcde 
0.12 bcde 
0.12 de 
0.03 de 
0.34 bcde 
0.08 bcde 
0.42 bcde 
1.29 abcde 
0.34 bcde 
0.32 abcde 
0.77 abcde 
0.14 bcde 
0.16 bcde 
0.17 bcde 
0.1 1 bcde 
0.26 bcde 
2.01 abcd 
2.35 abcde 
6.1 1 abc 

g loo-' seed 

0.3 6 bcdefghijklmn 
0.38 hijkiinn 
0.42 defghijklmn 
0.48 abcdefghijklm 
0.50 abcdefghijkl 
0.54 abcdefghijk 
0.54 abcdefghij 
0.31 inn 
0.42 bcdefghijklmn 
0.37 jklmn 
0.45 abcdefghijklmn 
0.49 abcdefghijklm 
0.44 bcdefghijklrnn 
0.54 abcdefghijk 
0.4 1 defghijklmn 
0.46 abcdefghij klmn 
0.29 n 
0.40 fghijklmn 
'0.37 klrnn 
0.50 abcdefghijkl 
0.47 abcdefghijklm 
0.60 ab 
0.42 bcdefghijklmn 
0.52 abcde 

g plot-' 

0.14 abcde 
0.02 e 
0.33 de 
0.34 abcde 
1.91 abcde 
1.09 abcde 
0.36 abcde 
0.15 bcde 
0.79 abcde 
1.47 abcde 
1.72 abcde 
6.88 abcd 
3.59 abcde 
4.41 abcd 
2.1 1 abcde 
3.44 abcde 
0.58 abcde 
0.53 abcde 
0.10 abcde 
0.5 1 abcde 
1.77 abcde 
5.81 a 
2.79 abcde 
3.04 abcde 

Af-77 0.41 abcdef 0.17 bcde 0.49 abcdefghijlcl 3.40 abcde 
'values followed by the same letter within a column are not statistically significant at P = 
0.05. 
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Table A-5. Mean coinparisons of plant height, number of stems per plant (stems), 
number of inflorescences per plant (inflorescences), and plant vigor of basalt milkvetch 
accessions fiom Evans Farm in 2005. 

Accession Plant height Stems Inflorescences Vigor 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 10 
Af-11 
Af- 13 
Af-14 
Af- 15 
Af- 16 
Af- 1 8 
Af-19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-30 
Af-30.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-36 
Af-37 
Af-3 8 
Af-39 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 

24.4 abcdefghijklmn 
34.4 ab 
25.8 abcdefghijlclmn 
26.4 abcdefghijlclin 
26.8 abcdefghijklm 
2 1.4 defghij klmn 
23.3 bcdefghijltlinn 
24.7 abcdefghijlclmn 
26.1 abcdefghijklinn 
24.4 abcdefghijklmn 
29.3 abcdefghijlc 
28.5 abcdefghijk 
28.3 abcdefghij k 
26.2 abcdefghijklmnn 
22.3 bcdefghij klinn 
24.2 abcdefghijklinn 
25.1 abcdefghijklmn 
26.9 abcdefghijklm 
25.1 abcdefghij klinn 
20.4 fghijkl~nn 
25.8 abcdefghijlclmn 
34.1 abc 
32.4 abcdef 
27.7 abcdefghijk 
26.6 abcdefghijklm 
30.5 abcdefghi 
26.5 abcdefghijklm 
32.5 abcde 
2 1.9 cdefghijklinn 
32.4 abcde 
30.1 abcdefghij k 
19.2 jkllnn 
30.8 abcdefgh 
22.3 cdefghijlclinn 
25.8 abcdefghijklmn 
1 8.6 khnn 
25.8 abcdefghijklinn 
27.4 abcdefghijkl 

3.9 cdefghij klmno 
2.3 lmno 
10.0 a 
4.8 bcdefghijklmn 
6.7 abcdef 
4.9 abcdefghijklmn 
3.7 cdefghijklmno 
2.7 hijklinno 
3.0 fghijklmno 
4.9 abcdefghijklmnn 
3.4 defghij klmno 
3.8 cdefghijlcl~nno 
4.0 cdefghijklmno 
6.7 abcdefg 
3.3 efghijklmno 
4.0 cdefghij klinno 
4.8 abcdefghij klmno 
3.0 fghijklmno 
2.8 hij klmno 
2.7 hij klinno 
3.1 fghij klmno 
6.9 abcde 
2.7 no 
6.2 abcdefghi 
9.6 a 
7.4 abcde 
9.2 ab 
5.9 abcdefghij 
5.0 abcdefghijklin 
3.7 cdefghijkllnno 
5.9 abcdefgh 
4.0 cdefghij klmno 
3.3 efghij klmno 
5.0 abcdefghijklmn 
3.3 defghijkllnno 
4.6 bcdefghijklmno 

' 2.9 ghijklinno 
5.4 abcdefghijk 
5.4 abcdefghijk 

4.4 abcdefg 
0.9 fg 
17.2 a 
2.7 cdefg 
3.8 abcdefg 
2.6 bcdefg 
1.2 defg 
0.7 defg 
1.5 defg 
2.9 abcdefg 
2.0 bcdefg 
2.1 bcdefg 
1.4 cdefg 
6.0 abcdefg 
1.7 bcdefg 
0.7 fg 
4.4 abcdefg 
2.2 bcdefg 
2.5 bcdefg 
1.5 bcdefg 
2.6 abcdefg 
5.7 abcdefg 
2.9 abcdefg 
7.1 abcdefg 
14.0 ab 
6.6 abcdefg 
1 1.7 abcd 
5.0 abcdefg 
6.7 abcdef 
2.6 bcdefg 
6.8 abcdefg 
3.9 abcdefg 
2.1 cdefg 
5.4 abcdefg 
2.3 cdefg 
2.2 defg 
1.8 defg 
2.7 bcdefg 
2.7 bcdefg 

5.4 abcdefghij 
4.0 ghijltl 
6.7 a 
5.2 abcdefghij 
5.7 abcdefgh 
5.4 abcdefghi 
4.3 cdefghijlcl 
4.5 bcdefghijkl 
4.5 bcdefghijkl 
5.4 abcdefghij 
5.0 abcdefghijkl 
4.9 abcdefghijltl 
5.4 abcdefghij 
5.7 abcdefg 
5.1 abcdefghijk 
4.6 bcdefghijkl 
5.0 abcdefghijkl 
5.0 abcdefghijkl 
5.2 abcdefghij 
4.8 abcdefghijkl 
4.0 ghijkl 
5.4 abcdefghij 
6.1 abcdef 
6.0 abcdefg 
6.0 abcdefg 
5.6 abcdefgh 
6.2 abcd 
5.3 abcdefghij 
5.9 abcdefg 
4.5 bcdefghijkl 
6.1 abcde 
5.6 abcdefgh 
3.3 ijkl 
6.0 abcdefg 
4.3 bcdefghijkl 
5.2 abcdefghij 
3.7 hijkl 
5.3 abcdefghij 
5.7 abcdefgh 

Af-45.1 27.5 abcdefghijkl 5.2 abcdefghijkl , 1.8 bcdefg 5.5 abcdefgh 
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Table A-5 (continued) 

Accession Plant height Steqs Inflorescences Vigor 
cin 
25.6 abcdefghijklinn 
26.6 abcdefghijklm 
16.0 n 
16.7 lmn 
20.0 hijklinn 
2 1.1 defghij klinn 
19.1 ijklmn 
26.5 abcdefghijklinn 
23.4 bcdefghij klinn 
33.0 abcd 
3 1.6 abcdefg 
36.7 a 
26.2 abcdefghijklmn 
24.9 abcdefghijklmn 
22.6 bcdefghijklmn 
25.8 abcdefghijlclmn 
28.2 abcdefghijk 
2 1.9 cdefghijklmn 
20.7 efghij klinn 
16.4 in 
23.9 abcdefghijklinn 
20.7 efghijklmn 
20.2 ghijltlmn 
29.8 abcdefghij 
32.2 abcdef 
30.9 abcdefgh 

4.5 bcdefghijklmno 
4.3 cdefghijlclinno 
1.9 o 
2.3 ltlmno 
2.3 no 
2.8 hijklmno 
2.7 hijklinno 
3.1 fghij klmno 
2.6 ijlclmno 
2.8 hijklmno 
3.2 efghijltlinno 
2.3 inno 
2.8 ghijlclmno 
5.4 abcdefghijkl 
3.8 cdefghij klmno 
3.7 defghijklmno 
3.6 defghijklmno 
4.3 bcdefghijklmno 
2.5 jklmno 
2.2 no 
4.8 abcdefghijklmn 
3.8 cdefghijklmno 
3.2 efghijklmno 
7.9 abc 
7.5 abcd 
8.2 abc 

0.7 fg 
3.0 bcdefg 
0.6 defg 
0.3 g 
1.4 cdefg 
1.3 defg 
0.7 efg 
2.7 abcdefg 
1.8 cdefg 
2.2 bcdefg 
1.7 cdefg 
3.9 abcdefg 
3.0 abcdefg 
4.8 abcdefg 
2.2 cdefg 
1.6 cdefg 
2.8 abcdefg 
0.5 fg 
0.5 fg 
2.1 cdefg 
4.8 abcdefg 
1.7 defg 
0.8 defg 
1 1.2 abc 
8.8 abcde 
9.2 abcdefg 

5.1 abcdefghijk 
5.3 abcdefghij 
3.0 1 
3.4 jkl 
4.1 fghijkl 
4.3 bcdefghijkl 
4.1 fghijkl 
4.9 abcdefghijkl 
4.5 bcdefghijkl 
5.5 abcdefgh 
5.6 abcdefgh 
6.0 abcdefg 
5.2 abcdefgl~ijlc 
5.2 abcdefghij 
4.6 bcdefghijkl 
5.0 abcdefghijkl 
5.4 abcdefghij 
4.6 bcdefghijkl 
4.1 efghijkl 
3.2 kl 
4.9 abcdefghijkl 
4.1 efghijkl 
4.2 defghijkl 
6.3 ab' 
6.2 abc 
6.1 abcde 

24.2 abcdefghijklmn 4.5 bcdefghijklmno '0.9 fg 5.0 abcdefghijkl 
'values followed by the same letter within a column are not statistically significant at P = 
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Table A-6. Mean comparisons of plant height, number of stems per plant (stems), 
number of inflorescences per plant (inflorescences), and plant vigor of basalt inillcvetch 
accessions from Evans Farm in 2006. 

Accession Plant height Steins Inflorescences Vigor 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 10 
Af-1 1 
Af- 13 
Af-14 
Af- 1 5 
Af- 16 
Af-18 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-3 0 
Af-30.1 
Af-3 1 
Af-3 2 
Af-33 
Af-34 
Af-36 
Af-3 7 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 

cm 
30.2 abcd' 
28.3 ab 
32.7 ab 
20.9 abcd 
29.8 abcd 
26.5 abcd 
25.1 abcd 
27.5 abcd 
22.8 abcd 
27.3 abcd 
24.7 abcd 
25.3 abcd 
28.2 abcd 
27.1 abcd 
28.2 abcd 
2 1.0 abcd 
24.6 abcd 
25.0 abcd 
26.2 abcd 
26.0 abcd 
27.9 abcd 
27.3 abcd 
24.2 abcd 
32.6 ab 
30.4 abcd 
28.2 abcd 
30.2 abcd 
25.9 abcd 
33.9 a 
25.7 abcd 
26.0 abcd 
29.8 abcd 
22.2 abcd 
3 1.8 abc 
24.5 abcd 
32.3 abc 
2 1.3 abcd 
29.2 abcd 
26.5 abcd 

10.2 efghij klmnop 
7.9 fghijklmnop 
27.6 abc 
10.8 efghij klmnop 
26.6 abc 
17.8 abcdefghijkl 
13.2 bcdefghijklmnop 
10.8 efghijklmnop 
9.9 efghijklmnop 
14.8 bcdefghijklmno 
13.3 bcdefghijklmnop 
12.7 bcdefghijklmnop 
13.6 bcdefghijklmno 
23.0 abcdef 
13.2 bcdefghij klmnop 
12.6 bcdefghijklmnop 
12.3 bcdefghij klmnop 
12.1 cdefghijkl~nnop 
6.6 j kl~nnop 
7.7 ijklmnop 
10.7 efghijklmnop 
2 1.0 abcdefg 
4.2 op 
18.1 abcdefghijkl 
26.6 abcd 
23.7 abcdef 
24.0 abcde 
16.8 bcdefghijklm 
2 1.5 abcdefgh 
18.2 abcdefghijkl 
16.4 bcdefghijklm 
15.3 bcdefghijklmno 
9.4 fghijklmnop 
17.1 bcdefghijkl 
10.5 efghijklmnop 
20.8 abcdefg 
9.9 efghijklmnop 
20.1 abcdefghi 
18.6 abcdefghijkl 

15.3 bcdefgh 
8.8 cdefgh 
72.3 ab 
8.1 cdefgh 
32.4 abcdefg 
17.3 bcdefgh 
6.2 cdefgh 
5.5 cdefgh 
10.4 cdefgh 
26.0 abcdefgh 
10.4 cdefgh 
7.9 cdefgh 
9.2 cdefgh 
40.4 abcd 
19.5 abcdefgh 
1.2 gh 
15.4 bcdefgh 
17.4 abcdefgh 
14.8 bcdefgh 
12.4 cdefgh 
24.7 abcdefgh 
16.6 abcdefgh 
6.7 cdefgh 
39.6 abcde 
45.0 abc 
36.1 abcdef 
35.9 abcde 
19.9 abcdefgh 
38.4 abcde 
13.8 cdefgh 
23.9 abcdefgh 
23.1 abcdefgh 
18.2 cdefgh 
30.2 abcdefgh 
13.7 cdefgh 
25.8 abcdefgh 
1 1.1 cdefgh 
18.7 bcdefgh 
22.0 abcdefgh 

4.2 abc 
3.6 abc 
5.4 a 
3.1 abc 
5.0 a 
4.3 abc 
4.3 abc 
3.8 abc 
3.2 abc 
4.1 abc 
3.7 abc 
3.5 abc 
3.8 abc 
4.3 abc 
4.0 abc 
3.1 abc 
3.6 abc 
3.7 abc 
3.5 abc 
3.7 abc 
4.1 abc 
4.4 abc 
2.8 abc 
5.1 a 
5.1 a 
4.6 abc 
4.9 a 
4.2 abc 
5.1 a 
3.9 abc 
3.9 abc 
4.3 abc 
3.3 abc 
4.9 ab 
3.7 abc 
4.9 a 
2.9 abc 
4.5 abc 
4.2 abc 

Af-45.1 28.6 abcd 19.2 abcdefghij 3 1.5 abcdefgh 4.3 abc 



Table A-6 (continued) 
Accession Plant height Stems Inflorescences Vigor 

cln 
29.2 abcd 
29.0 abcd 
16.9 cd 
16.3 d 
21.8 abcd 
17.1 cd 
18.0 bcd 
26.0 abcd 
22.9 abcd 
33.7 a 
26.2 abcd 
29.9 abcd 
29.5 abcd 
23.0 abcd 
21.1 abcd 
27.4 abcd 
28.0 abcd 
26.4 abcd 
2 1.7 abcd 
2 1.4 abcd 
25.5 abcd 
20.1 abcd 
27.4 abcd 
31.1 abcd 
30.7 abcd 
32.4 abc 

18.5 abcdefghijk 
15.9 bcdefghij klmn 
3.5 p 
5.5 mnop 
6.3 lmnop 
4.4 op 
7.0 ijkl~nnop 
1 0.2 efghij klinnop 
8.0 hijllinnop 
7.1 jltlinnop 
10.9 efghijklmnop 
5.0 nop 
8.6 ghij klmnop 
1 1.4 defghijklinnop 
9.4 fghijkllnnop 
13.7 bcdefghijklinnop 
15.6 bcdefghij klmn 
19.5 abcdefghijk 
6.5 klmop 
5.4 m o p  
14.4 bcdefghijklmno 
8.3 ghij klinnop 
13.6 bcdefghijltl~nno 
2 1.4 abcdefg 
31.9'a 
27.6 ab 

16.8 cdefgh 
2 1.2 abcdefgh 
1.9 fgh 
0.8 h 
10.3 cdefgh 
3.1 efgh 
4.8 defgh 
13.8,cdefgh 
7.4 cdefgh 
13.5 cdefgh 
9.7 cdefgh 
14.7 bcdefgh 
17.0 bcdefgh 
7.7 cdefgh 
14.7 cdefgh 
15.6 cdefgh 
2 1.3 abcdefgh 
17.4 cdefgh 
5.8 cdefgh 
9.3 cdefgh 
12.8 cdefgh 
14.6 cdefgh 
18.4 bcdefgh 
35.4 abcde 
82.0 a 
4 1.9 abc 

Af-77 24.7 abcd 14.1 bcdefghijlclinno 18.0 bcdefgh 
'values followed by the same letter within a column are not statistically significant at P = 

4.4 abc 
4.5 abc 
2.3 c 
2.2 c 
3.1 abc 
2.4 bc 
3.1 abc 
3.8 abc 
3.4 abc 
3.7 abc 
3.5 abc 
3.4 abc 
3.8 abc 
3.5 abc 
3.3 abc 
3.9 abc 
3.9 abc 
4.0 abc 
2.9 abc 
3.1 abc 
4.1 abc 
3.1 abc 
3.8 abc 
5.1 a 
5.2 a 
5.2 a 
3.9 abc 
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Table A-7. Mean comparisons of plant lieiglit, number of stems per plant (stems), 
number of inflorescence per plant (inflorescences), and plant vigor of basalt millwetch 
accessions from Millville in 2605. 

Accession Plant height .Steins Inflorescences Vigor 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af-10 
Af-1 1 
Af- 13 
Af-14 
Af- 15 
Af- 16 
Af- 1 8 
Af- 19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-30 
Af-3 0.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-36 
Af-3 7 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
Af-43 
Af-44 
Af-45 

cin 
26.5 abcdefghil 
37.1 abcd 
36.8 ab 
25.5 abcdefghi 
25.5 abcdefghi 
28.1 abcdefghi 
29.3 abcdefghi 
30.2 abcdefghi 
37.1 a 
33.1 abcdef 
27.2 abcdefghi 
30.9 abcdefghi 
30.2 abcdefghi 
28.7 abcdefghi 
28.9 abcdefghi 
33.4 abcde 
27.0 abcdefghi 
24.1 cdefghi 
28.5 abcdefghi 
35.5 abc 
29.4 abcdefghi 
28.0 abcdefghi 
35.6 abc 
3 1.2 abcdefgh 
3 1.0 abcdefghi 
27.9 abcdefghi 
3 1.5 abcdefg 
28.6 abcdefghi 
33.9 abcd 
23.9 cdefghi 
30.7 abcdefghi 
3 1.0 abcdefghi 
26.5 abcdefghi 
32.8 abcdef 
26.9 abcdefghi 
27.9 abcdefghi 
21.5 fghi 
32.5 abcdefghi 
28.1 abcdefghi 

3.9 fghij kl 
2.7 hijkl 
12.5 a 
4.3 efghijkl 
3.6 fghijkl 
5.3 bcdefghijkl 
7.0 bcdefgh 
5.0 cdefghijltl 
5.0 bcdefghijkl 
5.3 bcdefghijltl 
3.9 fghijkl 
6.1 bcdefghij 
3.8 fghijkl 
9.2 abcde 
4.3 defghijkl 
8.0 bcdefg 
5.3 bcdefghijkl 
3.9 fghijkl 
2.9 hijkl 
4.9 bcdefghijkl 
4.0 efghijkl 
7.4 bcdefg 
2.2 jkl 
5.4 bcdefghijkl 
10.6 abc 
6.7 bcdefghi 
8.0 bcdef 
5.8 bcdefghijk 
4.8 cdefghijlcl 
2.8 hijkl 
5.2 bcdefghijld 
4.9 bcdefghijkl 
4.7 defghijkl . 
5.2 bcdefghijkl 
4.0 efghijkl 
4.1 fghijkl 
4.3 efghijkl 
5.6 bcdefghijk 
3.7 fghijkl 

3.9 bcde 
1.5 bcde 
30.i a - 

2.3 bcde 
0.9 de 
1.5 cde 
5.3 bcde 
4.1 bcde 
4.4 bcde 
5.9 bcde 
1.9 cde 
6.3 bcde 
1.3 cde 
8.0 bcde 
2.1 bcde 
7.2 bcde 
3.6 bcde 
3.9 bcde 
2.0 bcde 
4.5 bcde 
3.8 bcde 
8.7 abcde 
5.7 bcde 
5.8 bcde 
16.3 ab 
6.9 bcde 
7.7 bcde 
6.0 bcde 
5.5 bcde 
0.8 de 
5.4 bcde 
3.7 bcde 
4.2 bcde 
5.0 bcde 
3.0 bcde 
1 .G cde 
0.5 e 
5.1 bcde 
3.0 bcde 

4.9 bcdefg 
5.8 abcde 
6.9 a 
4.9 bcdefg 
4.8 bcdefg 
5.3 abcdefg 
5.6 abcdefg 
5.7 abcdef 
6.1 abcd 
6.1 abcd 
5.0 bcdefg 
5.8 abcde 
5.5 abcdefg 
5.9 abcd 
5.3 abcdefg 
6.1 abcd 
5.2 abcdefg 
6.6 bcdefg 
5.1 abcdefg 
6.2 abcd 
5.5 abcdefg 
5.8 abcde 
5.6 abcdefg 
5.7 abcdef 
6.4 abc 
5.6 abcdef 
6.1 abcd 
5.6 abcdefg 
5.9 abcd 
4.2 defg 
5.7 abcdef 
5.5 abcdefg 
5.1 abcdefg 
6.0 abcd 
5.0 bcdefg 
5.3 abcdefg 
4.2 defg 
5.9 abcd 
5.1 abcdefg 

Af-45.1 28.5 abcdefghi 4.9 bcdefghijltl 2.6 bcde 5.6 abcdefg 
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Table A-7 (continued) 
Accession Plant height Steins Inflorescences Vigor 

cin 
27.3 abcdefghi 
32.3 abcdef 
19.7 ghi 
19.3 i 
24.4 cdefghi 
27.0 abcdefghi 
19.6 hi 
25.8 abcdefghi 
25.9 abcdefghi 
3 1.2 abcdefgh 
32.5 abcdef 
34.4 abcd 
36.5 ab 
27.8 abcdefghi 
27.1 abcdefghi 
3 1.0 abcdefghi 
29.7 abcdefghi 
29.0 abcdefghi 
25.4 abcdefghi 
22.0 defghi 
25.3 abcdefghi 
2 1.7 efghi 
25.2 bcdefghi 
3 1.6 abcdefg 
26.2 abcdefghi 
33.0 abcdef 

5.7 bcdefghijk 
6.3 bcdefghi 
2.1 ijkl 
2.1 jld 
3.2 ghijkl 
2.4 ijkl 
1.8 1 
3.3 fghijkl 
2.4 ijkl 
2.4 ijkl 
3.1 ghijkl 
2.0 kl 
4.3 efghijkl 
6.1 bcdefghij 
6.4 bcdefghi 
5.3 bcdefghijkl 
5.4 bcdefghijkl 
5.4 bcdefghijk 
2.5 ijkl 
2.2 ijkl 
4.6 defghij kl 
3.8 fghijkl 
3.3 ghijkl 
9.5 abcd 
8.3 bcdef 
10.7 ab 

1.3 de 
6.8 bcde 
0.7 cde 
0.4 de 
2.1 bcde 
0.8 cde 
0.4 e 
2.7 bcde 
1.1 cde 
2.4 bcde 
1.2 cde 
3.4 bcde 
3.5 bcde 
3.1 bcde 
6.6 bcde 
2.9 bcde 
5.0 bcde 
3.2 bcde 
1.1 cde 
2.6 bcde 
4.2 bcde 
2.4 bcde 
2.5 bcde 
11.1 abc 
1 1.5 abcde 
1 1.4 abcd 

5.3 abcdefg 
6.0 abcd . 
3.7 efg 
3.6 fg 
4.6 cdefg 
5.0 bcdefg 
3.4 g 
4.9 bcdefg 
4.7 cdefg 
5.2 abcdefg 
5.5 abcdefg 
5.3 abcdefg 
5.9 abcde 
5.3 abcdefg 
5.2 abcde fg 
5.7 abcdef 
5.8 abcde 
5.6 abcde fg 
4.7 cdefg 
4.0 defg 
5.2 abcde fg 
4.2 defg 
4.8 bcdefg 
6.1 abcd 
5.3 abcdefg 
6.7 ab 

Af-77 27.1 abcdefghi 4.5 defghijkl 2.3b cde 5.3 abcdefg , 

'values followed by the same letter within a column are not statistically significant at P = 
0.05. 
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Table A-8. Mean comparisons of plant height, number of stems per plant (stems), 
number of inflorescences per plant (inflorescences), and plant vigor of basalt milkvetch 
accessions from Millville in 2006. 

Accession Plant height Steins Inflorescences Vigor 

Af-3 
Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- I0 
Af-11 
Af-13 
Af-14 
Af- 15 
Af- 16 
Af- 1 8 
Af-19 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-28 
Af-29 
Af-3 0 
Af-30.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-3 6 
Af-37 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
Af-43 
~ f-44 
Af-45 

cm 
27.1 abcd' 
29.8 abcd 
27.0 abcd 
25.4 abcd 
26.8 abcd 
32.6 abc 
30.4 abcd 
29.4 abcd 
36.2 a 
35.4 a 
30.6 abcd 
32.1 abc 
34.8 ab 
29.8 abcd 
34.5 ab 
31.7 abc 
29.3 abcd 
21.1 cd 
28.4 abcd 
32.3 abc 
29.4 abcd 
28.5 abcd 
26.7 abcd 
3 1.3 abc 
30.1 abcd 
28.8 abcd 
31.1 abc 
30.4 abcd 
33.6 abc 
27.1 abcd 
32.1 abc 
35.7 a 
25.7 abcd 
32.3 abc 
28.8 abcd 
32.5 abc 
24.9 abcd 
29.5 abc 
30.7 abcd 

16.9 cdefghijklmnop 
1 1.3 iljlclmnop 
36.7 abcd 
1 1.9 ijklmnop 
19.5 abcdefghijklmnop 
34.3 abcde 
32.5 abcdefg 
15.3 efghijklmnop 
17.8 cdefghijklinnop 
24.4 abcdefghijkl 
24.0 abcdefghijklln 
22.4 abcdefghijklmn 
25.8 abcdefghijk 
39.8 ab 
29.6 abcdefghi 
28.0 abcdefghij 
23.8 abcdefghijkl 
13.3 ghijklmnop 
10.2 klmnop 
13.5 ghijklinnop 
1 7.4 defghijklmnop 
33.2 abcde 
10.4 h o p  
26.0 abcdefghij k 
42.5 a 
32.9 abcdef 
38.3 abc 
32.2 abcdefg 
27.3 abcdefghijk 
16.6 defghijklinnop 
2 1.3 abcdefghijklinno 
28.2 abcdefghij 
1 5.4 efghijklinnop 
24.9 abcdefghijkl 
19.5 abcdefghij klmnop 
28.4 abcdefghij klmnop 
20.0 abcdefghijklmnop 
27.9 abcdefghij 
19 3 abcdefghij klinno 

35.8 abcdefdlij 
14.6 cdefghz 
65.8 abcde 
15.2 cdefghij 
32.4 abcdefghij 
93.0 a 
64.4 abcdef 
20.8 bcdefghij 
4 1.1 abcdefghi 
64.5 abcdefg 
56.0 abcdef 
46.6 abcdef 
43.4 abcdef 
70.9 abcde 
72.9 abcd 
36.0 abcdefghij 
42.8 abcdef 
12.8 cdefghij 
26.4 abcdefghij 
36.2 abcdefghij 
4 1.5 abcdefghi 
6 1.1 abcdef 
2 1.8 abcdefghij 
40.2 abcdefghi 
65.7 abcdef 
50.9 abcdef 
68.9 abcdefg 
70.1 abcde 
63.3 abcdefgh 
20.9 abcdefghij 
52.9 abcdef 
64.3 abcdef 
44.8 abcdefghi 
64.3 abcde 
43.2 abcdefghi 
6 1.2 abcdef 
16.1 bcdefghij 
49.4 abcdef 
22.1 abcdefghu 

4.0 abcdefghijkl 
3.2 cdefghijkl 
4.4 abcdefghijk 
2.9 fghijkl 
3.8 abcdefghijkl 
5.7 abc 
4.8 abcdefghij 
3.9 abcdefghijkl 
5.2 abcdefg 
5.2 abcdefg 
4.7 abcdefghij 
4.8 abcdefghij 
5.0 abcdefgh 
4.7 abcdefghij 
5.4, abcde 
4.8 abcdefghij 
4.0 abcdefghijkl 
2.9 ghijkl 
3.6 bcdefghijkl 
4.2 abcdefghijkl 
4.3 abcdefghijkl 
5.0 abcdefgh 
3.3 cdefghijkl 
4.9 abcdefghij 
5.1 abcdefghi 
5.0 abcdefghi 
5.3 abcdef 
5.2 abcdef 
5.7 ab 
3.9 abcdefghijkl 
4.8 abcdefghij 
5.0 abcdefghi 
4.0 abcdefghijkl 
5.0 abcdefghi 
4.3 abcdefghijkl 
4.8 abcdefghij 
3.6 bcdefghijkl 
5.0 abcdefghij 
4.2 abcdefghijkl 

Af-45.1 3 1.9 abc 4.1 abcdefghi' 



Table A-8 (continued) 
Accession Plant height Stems Inflorescences Vigor 

cm 
26.6 abcd 
32.0 abc 
18.8 cd 
17.8 d 
21.0 cd 
20.7 cd 
17.9 d 
23.7 abcd 
24.0 abcd 
23.4 abcd 
34.7 abc 
27.2 abcd 
33.6 abc 
36.0 a 
30.0 abcd 
35.7 a 
30.6 abcd 
3 1.9 abc 
23.6 abcd 
22.4 abcd 
25.5 abcd 
21.7 bcd 
28.1 abcd 
34.6 ab 
28.1 abcd 
30.3 abcd 

24.0 abcdefghijklm 
26.8 abcdefghijk 
5.8 op 
7.4 nop 
1 1.2 klmnop 
7.9 mnop 
6.0 p 
1 1.9 ijklmnop 
10.1 jklmnop 
6.2 p 
13.6 defghijklmnop 
6.6 p 
1 1.8 ij klmnop 
29.7 abcdefgh 
25.5 abcdefghijk 
30.8 abcdefgh 
24.8 abcdefghijkl 
25.9 abcdefghijk 
10.7 ijklmnop 
6.8 mnop 
14.1 fghijklmnop 
13.2 hijklmnop 
18.7 bcdefghijklmnop 
38.7 ab 
30.2 abcdefgh 
28.7 abcdefghi 

I 1.1 defghij 
38.5 abcdefghi 
3.4 fghij 
1.8 ij 
7.7 fghij 
8.4 efgliij 
0.8 j 
17.1 bcdefghij 
14.6 bcdefghij 
9.4 cdefghij 
27.6 abcdefghij 
20.3 bcdefghij 
3 8.2 abcdefghij 
56.6 abcdef 
58.5 abcdef 
72.1 abcd 
57.2 abcdef 
40.9 abcdefghi 
6.4 fghij 
20.4 abcdefghij 
52.4 abcdefghi 
19.1 bcdefghij 
3 1.6 abcdefghij 
76.6 ab 
78.8 abc 
34.1 abcdefghij 

4.1 abcdefghijkl 
4.8 abcdefghij 
2.5 ijlcl 
2.3 kI 
2.8 hijlcl 
2.8 hijkl 
3.5 1 
3.2 defghijkl 
3.4 bcdefghijkl 
2.5 jkl 
3.9 abcdefghijkl 
3.1 efghijkl 
4.2 abcdefghijkl 
5.6 abc 
4.7 abcdefghij 
5.6 abcd 
4.4 abcdefghijk 
4.9 abcdefghij 
3.0 efghijkl 
2.8 efghijkl 
3.7 abcdefghijkl 
3.0 fghijkl 
3.6 bcdefghijkl 
6.1 a 
4.8 abcdefghij 
4.9 abcdefghij 

Af-77 3 1.8 abc 24.4 abcdefghijkl 66.3 abcde 4.1 abcdefghij 
'values followed by the same letter within a colwnn are not statistically significant at P = 

0.05. 



Table A-9. Evans Farm data used to form cluster dendrograrn. Variables included plant height (HT), number of stems (ST), number of 
inflorescences (IF), plant vigor scores (VS), June biomass (BM), Oct. biomass (RG); crude protein concentration (CPC), and crude 
protein pool (CPP) in 2005 and 2006, and winter mortality (MT) in 2006. 

2005 2006 
HT ST IF VS BM RG CPC CPP HT ST IF VS BM RG CPC CPP MT 

Af-3 27 4 4 5 12 5 141 1.7 30 I 0  15 4 3 0  I 1  152 4.6 27 



Table A-9 (Continued) 
2005 2006 

HT ST IF VS BM RG CPC CPP HT ST IF VS BM RG CPC CPP MT 
Af-30 ,28 10 14 6 31 18 100 3.1 30 27 45 5 89 44 123 11.0 13 

Af-30.1 27 7 7 6 24 14 141 3.4 28 24 36 5 41 33 140 5.7 40 

Af-31 30 9 12 6 40 19 124 4.9 30 24 36 5 90 47 118 10.6 0 

Af-32 27 6 5 5 18 6 143 2.6 26 17 20 4 35 18 136 4.8 23 
Af-33 32 5 7 6 19 9 114 2.2 34 21 38 5 73 24 119 8.8 I 0  

Af-34 22 4 3 5 7 6 132 1.0 26 18 14 4 38 19 146 5.5 20 
Af-36 32 6 7 6 20 7 124 2.5 26 16 24 4 40 13 127 5.2 I 0  

Af-37 30 4 4 6 1 7 135 1.5 30 15 23 4 40 17 144 5.8 30 

Af-38 19 3 2 3 6 2 167 1.1 22 9 18 3 19 4 202 3.8 50 

Af-39 31 5 5 6 15 10 155 2.3 32 17 30 5 46 18 165 7.5 20 

Af-41 22 3 2 4 9 4 144 1.3 25 11 14 4 32 8 144 4.6 I 0  

Af-42 26 5 2 5 16 10 151 2.4 32 21 26 5 68 23 125 8.6 17 

Af-43 19 3 2 4 5 3 154 0.8 21 10 11 3 18 3 145 2.6 33 

Af-44 26 5 3 5 20 7 154 3.1 29 20 19 5 65 13 134 8.7 13 

Af-45 27 5 3 6 12 6 137 1.6 27 19 22 4 35 15 134 4.7 43 

Af-45.1 27 5 2 5 18 12 157 2.8 29 19 32 4 64 19 151 9.7 17 

Af-46 26 5 1 5 11 10 144 1.5 29 19 17 4 47 26 165 7.8 40 

Af-47 27 4 3 5 15 10 129 2.0 29 16 21 4 67 20 147 9.9 10 

Af-48 16 2 1 3 2 0 157 0.3 1 7 4 2 2  2 1 160 0.4 47 

Af-49 17 2 0 3 3 1 163 0.6 1 6 6 1  2 7 6 156 4.1 33 

Af-50 20 2 I 4 5 2 141 0.6 - 22 6 I 0  3 15 4 153 2.3 43 

Af-51 21 3 1 4 5 2 142 0.8 1 7 4 3 2  8 3 150 1.1 47 

Af-52 19 3 1 4 5 2 179 0.9 18 7 5 3 13 4 179 2.3 37 

Af-53 27 3 3 ' 5 10 7 147 1.5 26 10 14 4 35 12 1 79 6.2 33 

Af-54 23 3 2 4 5 3 153 0.8 23 8 7 3 17 6 162 2.8 37 

Af-55 33 3 2 6 6 2 122 0.7 34 7 '14 4 11 3 143 1.6 53 
Af-56 32 3 2 6 8 2 119 1.0 26 11 10 3 16 5 I 52 2.4 30 

Af-58 37 2 4 6 11 3 113 1.2 30 5 15 3 13 6 152 2.0 23 

Af-59 26 3 3 5 11 4 125 1.4 29 9 17 4 25 9 155 3.9 13 

Af-60 25 5 5 5 13 3 141 1.8 23 11 8 3 23 6 147 3.4 17 r 
w 
- .  



Table A-9 (Continued) 
2005 2006 

HT ST IF VS EM RG CPC CPP HT ST IF VS EM RG CPC CPP MT 
Af-61 23 4 ' 2 5 I 0  2 131 1.3 21 9 1 5  3 22 7 153 3.4 23 
Af-62 26 4 2 5 11 4 170 1.8 27 14 16 4 36 12 151 5.5 17 
Af-63 28 4 3 5 13 5 161 2.1 28 16 21 4 43 14 154 6.5 7 
Af-64 22 4 I 5 I 0  5 148 1.4 26 19 17 4 42 12 147 6.2 23 
Af-65 21 3 0 4 5 2 155 0.7 22 7 6 3 18 7 153 2.7 17 
Af-66 16 2 2 3 5 2 121 0.6 21 5 9 3 16 4 157 2.5 20 
Af-67 24 5 5 5 16 4 144 2.3 25 14 13 4 48 8 159 7.6 23 
Af-68 21 4 2 4 5 2 151 0.8 20 8 15 3 22 6 174 3.9 27 
Af-69 20 3 1 4 8 4 171 1.4 27 14 18 4 37 16 160 6.0 10 
Af-70 30 8 11 6 26 14 1 16 3.0 31 21 35 5 63 31 126 7.9 17 
Af-75 32 7 9 6 22 69 95 2.1 31 37 82 5 114. 36 142 16.2 20 
Af-76 31 8 9 6 35 18 109 3.8 32 28 42 5 88 37 122 10.7 7 
Af-77 24 4 1 5 13 5 163 2.1 25 14 18 4 45 11 135 6.1 7 
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Table A-10. Millville data used to construct cluster dendrogram. Variables included 
August biomass (BM), seed yield, and seed weight in 2005 and 2006, and Oct. biomass 
(RG) and winter mortality (MT) in 2006. 

Af-4 
Af-5 
Af-6 
Af-7 
Af-8 
Af-9 
Af- 1 0 
Af- 1 1 
Af- 1 3 
Af- I4 
Af-15 
Af- 1 6 
Af-18 
Af- 1 9 
Af-20 
Af-2 1 
Af-22 
Af-23 
Af-24 
Af-25 
Af-26 
Af-2 8 
Af-29 
Af-3 0 
Af-30.1 
Af-3 1 
Af-32 
Af-33 
Af-34 
Af-3 6 
Af-3 7 
Af-3 8 
Af-3 9 
Af-4 1 
Af-42 
Af-43 
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Table A- 1 0 (Continued) 

2005 2006 
BM RG SY SW BM SY SW MT 

Af-45 39 3 0.38 0.40 83 1.84 0.49 13 
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