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ABSTRACT 

 

 

Native plant material, defined by the United States Forest Service, includes all 

indigenous terrestrial and aquatic plant species that evolved naturally in a defined 

ecosystem. Native plant material is important for horticultural and restoration purposes; 

however, propagation protocols for many Montana native plant species remains 

unknown. This study addressed the following: greenhouse propagation, seed dormancy 

classification, and seed-dormancy release treatments for arrowleaf balsamroot 

(Balsamorhiza sagittata) and silverleaf phacelia (Phacelia hastata var. hastata). 

Additionally, an assessment was completed to better understand current challenges, 

successes of the Montana native plant market.   

In this study gibberellic acid (GA3) significantly increased final germination of 

arrowleaf balsamroot to 81% ± 2%. Utilizing the Baskin and Baskin (1998, 2004) seed 

dormancy classification scheme, arrowleaf balsamroot seed dormancy was classified as: 

1) nondeep physiological dormancy type 2, 2) intermediate physiological dormancy type 

2, and 3) deep physiological dormancy type 1 and 3. Following the Schewienbacher 

(2011) reclassification scheme, arrowleaf balsamroot seeds were indicative of 

physiological deep dormancy type 3. In the greenhouse, fertilizer rates up to 200 mg 

nitrogen/L (20-10-20 NPK of Jack’s Professional Peat Lite Special ™) resulted in 

positive shoot growth but beyond 100 mg nitrogen/L reduced the root-to-shoot value. The 

Ray Leach Cone-tainer™ was an effective container type. 

For silverleaf phacelia, 87% ± 5% germination was achieved within four days 

with scarification for at least 90 seconds. After 1 year of storage at 5±1⁰C, following the 

Baskin and Baskin (1998) classification scheme, silverleaf phacelia seed dormancy was 

classified as 1) nondeep physiological dormancy type 1, 2, and 5, and 2) intermediate 

physiological dormancy type 1 and 2. Addressing nondeep physiological dormancy type 

5 would be most effective in breaking seed dormancy. In the greenhouse, fertilizer rates 

beyond 50 mg nitrogen/L (20-10-20 NPK of Jack’s Professional Peat-Lite Special) 

resulted in positive shoot growth but beyond 50 mg nitrogen/L reduced root mass. The 4-

inch square pot was an effective container type.  

A survey of 30 Montana native plant growers indicated a demand for native plants 

in the Montana nursery industry. However, more work needs to be completed to develop 

and stabilize the native plant market.  
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INTRODUCTION/ LITERATURE REVIEW 

 

 

 Utilization of native plant material may help promote the conservation of 

resources and human health. It has been suggested that the use of native plant material is 

beneficial, as it may: 1) promote ecological stability through increased biodiversity and 

preservation of local genotypes, 2) reduce herbicide and pesticide use by hosting 

beneficial insects, and 3) create native pollinator habitat (Potts et al 2002; Meyers et al. 

2005; Erikson 2008). However, more research is necessary to investigate the validity of 

arguments promoting the utilization of native plant material based on their being more 

adaptive, requiring lower maintenance, and being more resistant to pests (Potts et al. 

2002). 

 Nonetheless, within the last century, the demand for native plant material has 

increased due to the rising popularity of the “green industry” and an increased focus on 

the promotion of sustainable horticulture practices (Peppin et al. 2010). Green industry 

professionals have predicted increased demand, potentially creating an unfulfilled market 

niche within the floriculture industry (Potts et al. 2002). In addition, recent changes to 

federal and state policy requiring utilization of native plants in revegetation activities has 

helped raise demand (Richards et al. 1998; PEO 1999; SCEO 1999; Erikson 2008; Peppin 

et al. 2010). Restoration and preservation of disturbed and natural areas is currently the 

primary application of native plant products (Potts et al. 2002).  

 Production of native plant materials for the nursery industry remains limited. In a 

survey of nursery and landscape professionals in Florida, Colorado, and the Southwestern 

United States, the following limitations were identified: propagation difficulties, lack of 
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education and knowledge of native plants, increased labor and production expenses, and 

lack of demand (Potts et al. 2002; Brzuszek and Harkess 2009; Peppin et al. 2010; Pe´rez 

et al. 2010; Kauth and Perez 2011). Additionally, the need to assess the role and 

economic importance of the native plant market within the floriculture industry was 

identified (Peppin et al. 2010; Pe´rez et al. 2010). To improve the potential of native 

plants in Montana’s floricultural industry, further research needs to be completed on 

greenhouse propagation and seed dormancy of native species. Furthermore, a baseline 

assessment of the current Montana native plant market must be completed.  

The purpose of this project was to research greenhouse production techniques, 

seed dormancy mechanisms, and seed dormancy-breaking treatments for two Montana 

perennial native plant species; arrowleaf balsamroot (Balsamorhiza sagittata) and 

silverleaf phacelia (Phacelia hastata var. hastata). Additionally, in order to establish a 

baseline assessment of the current obstacles and successes of the Montana native plant 

market, a survey was completed of 30 current Montana native plant nurseries and 

growers. 

 

Literature Review 

 

 

Seed Dormancy 

Seed dormancy is defined as a barrier to germination of a viable seed, even under 

seemingly favorable growing conditions (Hilhorst 1995; Li & Foley 1997; Finch-Savage 

and Leubner-Metzger 2006; Bewley 2013). Dormancy in seeds is thought to be an 

adaptive trait, evolutionarily obtained through adaptation to changes in climate (Hilhorst, 
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1995; Vleeshouwers et al. 1995; Li & Foley 1997; Baskin and Baskin 2004; Fenner & 

Thompson 2005; Bewley et al. 2013). Dormancy may be present when seeds are released 

from the mother plant (primary dormancy) or induced by unfavorable environmental 

factors (secondary dormancy), or seeds may cycle seasonally in between a dormant and 

non-dormant state (conditional dormancy) (Bewley 1997).  

A dormant seed may have to undergo physiological or morphological changes, or 

a combination of both in order for germination to occur (Bewley et al. 1999).  Barriers to 

germination may be induced endogenously or exogenously. Causes of endogenous 

barriers include: 1) undifferentiated embryo, 2) immature embryo 3) chemical inhibitors, 

and 4) physiological constraints (Bewley et al. 2013). Caused of exogenous barriers 

involve the seed coat including: 1) interference with water uptake 2) interference with gas 

exchange 3) prevention of the exit of inhibitors from the embryo, and 4) mechanical 

constraints (Bewley et al. 2013). 

  Although dormancy caused by attributes of the embryo or the seed coat are 

categorized as separate forces, researchers have noted the need to look upon the cause of 

seed dormancy in a “whole seed” view (Finch-Savage and Leubner-Metzger 2006) in 

which dormancy may be imposed separately by characteristics of the covering tissue, the 

embryo, or from both the embryo and covering tissues simultaneously or successively 

(Baskin and Baskin 2004; Bewley et al. 2013). Dormancy release occurs when specific 

exogenous or endogenous factors driving dormancy are characterized or overcome 

(Baskin and Baskin 2004).  
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Seed Dormancy Classification 

Nikolaeva (1967) was one of the first scientists to publish a substantial 

classification scheme for seed dormancy in 1967. Martin (1946) developed a 

morphological classification for seed structure, which can be used to identify seed type 

based on the size and structure of the embryo and endosperm. Baskin and Baskin (2007) 

further revised the Martin (1946) seed structure classification system.  Baskin and Baskin 

(1998, 2001; 2004) also further revised and reorganized the Nickolaeva (1967) scheme 

into a hierarchy of classes, levels, and sublevels or types (APPENDIX A). Lastly, 

Schwienbacher (2011) revised the Baskin and Baskin scheme (1998, 2004) (APPENDIX 

B).  

The Baskin and Baskin (1998, 2004) hierarchal classification scheme was adapted 

from the Nickolaeva (1967) classification scheme, and thus is very similar. Essentially, 

the Nickoleava systemwas organized into seed-dormancy releasing requirements which 

reflected endogenous and exogenous dormancy types. Baskin and Baskin (1998, 2004) 

reorganized this scheme; instead of classifying dormancy types as exogenous or 

endogenous, dormancy types are organized into 5 separate classes, which are divided into 

levels, and levels are further subdivided into types. These five classes of seed dormancy 

are: physiological (PD), morphological (MD), morphophysiological (MPD), physical 

(PY), and combinational (PY+PD). Physiological dormancy has 3 levels (non-deep, 

intermediate, and deep) which contain associated types.  

Types reflect specific seed dormancy-release requirements. Seeds exhibiting non-

deep physiological dormancy may display 5 types of seed dormancy releasing 
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requirements which are met when: 1) excised embryos produce normal seedlings, 2) GA 

promotes germination, 3) Cold: moist (0 to 10⁰C) or warm: moist (>15⁰C) stratification 

breaks dormancy, 4) seeds may after-ripen in dry storage, and 5) scarification promotes 

germination (Baskin and Baskin 1998). Seeds exhibiting nondeep physiological 

dormancy may also exhibit a conditional status of dormancy in which a series of changes 

in the germination capacity occurs as the seed transitions from primary dormancy into 

secondary dormancy (Vegis 1973; Baskin and Baskin 1998). Seeds with conditional 

status may be able to germinate over a broader range of temperatures over time (Baskin 

and Baskin 1998, Finch-Savage and Leubner-Metzger 2006). 

Seeds which display intermediate physiological dormancy exhibit up to 4 types of 

dormancy-release requirements which are met when; 1) excised embryos produce normal 

seedling, 2) gibberellic acid (GA) promotes germination, 3) seeds require 2-3 months of 

cold: moist stratification to break dormancy, and 4) dry storage shortens the time required 

for cold: moist stratification to break dormancy. Lastly, seeds with deep physiological 

dormancy may exhibit 3 types; 1) excised embryos produce abnormal seedlings, 2) GA 

does not promote germination, and 3) seeds require 3-4 months of cold: moist 

stratification to germinate (Baskin and Baskin 1998, Finch-Savage and Leubner-Metzger 

2006).  

In morphological dormancy (MD), there are two levels: 1) seeds in which the 

embryo is differentiated from the endosperm, although it still needs time for 

development, and 2) seeds with undifferentiated embryos, in which the cotyledon and 

radicle have not yet visibly formed (Baskin and Baskin 2001).  Both levels usually have a 
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low embryo to seed ratio (E:S) (Forbis et al. 2002). Also, seeds with undifferentiated 

embryos are usually indicative of a specialized seed structure and classified as micro or 

dwarf seeds (Martin 1946). 

In seeds exhibiting morphophysiological (MPD) dormancy, a combination of 

morphological and physiological dormancy is displayed; seeds may have either an 

underdeveloped or undifferentiated embryo, coupled with a low growth potential as 

exhibited by seeds with physiological dormancy (Baskin and Baskin 2001). Before seeds 

with morphophysiological seeds germinate, they must develop to the required size, and 

the physiological block to germination within the embryo must be overcome (Baskin and 

Baskin 1998).  

In seeds exhibiting physical dormancy (PY), the seed is impermeable to water, 

due to the structural design of the seed coat. To allow for germination, water must 

penetrate through these impermeable layers and enter the seed. Finally, in seeds with 

combinational dormancy (PY + PD), the seed exhibits impermeability to water and the 

embryo has a low growth potential. Thus, for seeds with combinational dormancy to 

germinate, an opening must be created through the impermeable layers for water to enter 

the seed, and the physiological block to germination within the embryo must be 

addressed (Baskin and Baskin 2001, Finch-Savage and Leubner-Metzger 2006).  

Overall, the process of classifying dormancy is not always clear (Finch-Savage 

and Leubner-Metzger 2006).  Challenges remain in classifying dormancy to a definite 

class, level, and type, as the dormancy status of a seed may be constantly changing and 

may be influenced by numerous factors, such as; current environmental conditions, 
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previous maternal environment of the mother plant, and natural genetic variation among a 

population (Finch-Savage and Leubner-Metzger 2006).  Seed dormancy is defined as a 

barrier to germination of a viable seed under favorable conditions, which results in the 

absence of germination (Hilhorst, 1995; Li and Foley 1997; Bewley 2013). However a 

dormant seed completing germination is a process, rather than a definite event, with a 

changing status of the dormant seed as it undergoes the physiological and structural 

changes needed to complete germination (Finch-Savage and Leubner-Metzger 2006).  

Ultimately, seed dormancy is a characteristic of the seed which defines 

requirements necessary for dormancy-release and germination at a specific time period, 

and under exposure to specific environmental conditions (Vleeshouwers et al. 1995, 

Thompson 2000; Fenner and Thompson 2005; Finch-Savage and Leubner-Metzger 

2006). Finch-Savage and Leubner-Metzger (2006) suggest a clearly defined physiological 

dormancy state does not exist, but rather under different conditions there exists different 

requirements which allow for dormancy-release and the process of germination to occur. 

Despite this difficulty, the process of dormancy classification remains important for 

investigation of ecological characteristics and as a tool to identify successful seed 

treatments for effective propagation protocols for many native plant species.  

 

Propagation of Native Plants 

Rapid production of many native plants in a commercially viable setting is 

limited, due in part, by a lack of knowledge of the growth requirements for these plants 

(Potts et al. 2002; Lynn et al. 2008; Brzuszek and Harkess 2009; Peppin et al. 2010; 

Perez et al. 2010). Compared to commercial species, very little is known regarding the 
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propagation of many native plants in greenhouses (Landis and Simonich 1984). Landis 

and Simonich (1984) state that native plants may be grown reasonably well in a standard 

greenhouse environment, using commercial soil-less media mixtures. However, Erikson 

(2015) states that propagation methodologies for many native plant species are complex 

and undefined. Similarly, nursery professionals in the Colorado Plateau area have 

reported difficulties propagating natives in typical nursery conditions due to increased 

time for production and unknown container-type requirements (Potts et al. 2002).  

Landis and Simonch (1984) state that while agricultural crop species have 

production schedules in which crop planting may be completed within a year, native 

plants may require up to three years or longer, depending on seed procurement and length 

of hardening off. Also, native plant production may require the use of multiple facilities 

to propagate, harden-off and store the native plant material, whereas many 

commercialized species may only require a single greenhouse. Furthermore, native plants 

may have different container type and fertilizer requirements than domesticated 

ornamentals (Cardoso et al. 2007). Cardoso (2007) suggests there is a demand for 

additional information on the production requirements for container-grown plants native 

to the Intermountain West region.  

Size and shape of container, root control features, cost, and support and handling 

are all important considerations when selecting a container. These characteristics are 

important predictors of plant quality and also of economic cost. Characteristics such as 

the size of the container and ease of shipping and handling greatly impact cost. 
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Additionally, characteristics such as the depth of the container and root-control features 

may heavily influence plant quality.  

Another area of limited research in the culture of container-grown native plants is 

the type, rate, and frequency of fertilizer application. Cardoso (2007) suggests that, due to 

the generally low availability of nutrients in their natural environment, many native plant 

species may have low fertilizer requirements. However, others have reported that some 

native herbaceous plant species may respond well to fertilizer concentrations utilized for 

greenhouse crops (Cardoso et al. 2007).  

Ultimately, greenhouse production requirements are species-specific. Liquid 

fertilizer rates and container type depend on numerous factors, such as; growth 

characteristics of the specific species, media utilized irrigation frequency, cultural 

environment, and production schedule (Hartmann and Kester 2011). Further research is 

needed to understand greenhouse growth requirements and to establish greenhouse 

production protocols for native plants, specifically related to container-type and fertilizer 

rate requirements.  

 

Native Plant Market Survey 

The native plant market may be poised to develop into a valuable part of the 

Montana floriculture industry. However, additional information is needed to ascertain the 

current supply and demand within the Montana native plant market. An initial baseline 

assessment, identifying successes and challenges for Montana native plant producers, and 

exploring the role of native wildflowers in current and future trends, is vital to the 

development and implementation of a niche native wildflower market (Peppins et al. 
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2010; Kauth and Perez 2011). In summary, availability of native plants is dictated by 

multiple challenges and may differ regionally, however native plant material grown and 

sold locally may increase in-state revenue through development of the native plant 

market niche in the horticultural industry. As of yet, no feasibility study, or even baseline 

survey, has been implemented to assess the status of the Montana native plant market.  

 

Overall Objectives 

Objective 1. Classify the seed dormancy and increase the final germination 

percentage of two native plant species indigenous to the Intermountain West Region: 

arrowleaf balsamroot (Baslamorhiza sagittata) Pursh Nutt and silverleaf phacelia 

(Phacelia hastata var. hastata) Douglas ex Lehm. 

Objective 2. Explore species-specific fertilizer rate and container type 

requirements for greenhouse production of arrowleaf balsamroot (Balsamorhiza 

sagittata) and silverleaf phacelia (Phacelia hastata var. hastata). 

Objective 3. Survey Montana native plant nursery growers to better understand 

how Montana green industry professionals view the challenges and successes of the 

Montana native plant market. 
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CHAPTER 2 

 

SEED DORMANCY OF ARROWLEAF BALSAMROOT 

 

 

Abstract  

 
       

With its perennial showy flower, soil-stabilizing taproot, and energy-rich winter 

foliage, arrow-leaf balsamroot, Balsamorhiza sagittata, has several traits lending it to 

ornamental and conservation applications if it can be propagated successfully and cost 

efficiently. However, germination percentage remains low due to a complex and 

unknown seed dormancy classification and an unknown dormancy-release mechanism. In 

this study gibberellic acid (GA3) (mg/L) followed by cold: moist incubation at 5⁰C, 

significantly increased final germination, with a maximum final germination of 81% ± 

2%. Utilizing the Baskin and Baskin (1998, 2004) seed dormancy classification scheme 

to classify arrowleaf balsamroot seed dormancy, seeds exhibit nondeep physiological 

dormancy, type 2; intermediate physiological dormancy, type 2; and deep physiological 

dormancy, types 1 and3. Following the Schwienbacher (2011) reclassification scheme, 

arrowleaf balsamroot most closely exhibits a physiological deep dormancy. 

 

Introduction  

 

Dormancy is an innate characteristic of some seeds preventing germination (the 

emergence of the radicle from the embryo) even when conditions are favorable for the 

induction of germination (Baskin and Baskin 1998). Morphological and physiological 

properties of seeds, and their response to environmental conditions, control the induction 
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and release of seed dormancy through dormancy-release mechanisms (Vleeshouwers et 

al. 1995; Geneve 2003; Fenner and Thompson 2005; Baskin and Baskin 2014; Finch-

Savage and Leubner-Metzger 2006). The specific properties of seeds which characterize 

the dormancy-release mechanism include; embryo morphology, permeability to water, 

capacity to germinate after dry-storage, and physiological growth status of embryo.  

Based on the characteristics of these dormancy-release mechanisms, seed 

dormancy has been classified into five main classes: 1) physiological dormancy (PD), 2) 

morphological dormancy (MD), morphophysiological dormancy (MPD), physical 

dormancy (PY) and a combinational dormancy (PY + PD) (Nikolavea 1967; Baskin and 

Baskin 2004; Schwienbacher et al. 2011). These five dormancy classes have been 

delineated further, and each class may have additional sublevels and subtypes (Baskin 

and Baskin 2004). To recognize the importance of after-ripening as a pre-condition or 

pre-treatment, Schwienbacher (2011) further refined the classification scheme developed 

by Baskin and Baskin (1998). Physiological dormancy, the most abundant form of all 

dormancy types, is caused by a low growth potential of the embryo (Finch-Savage and 

Leubner-Metzger 2006; Heather et al. 2010). The cause of the growth potential of the 

embryo is the result of complex ABA (abscisic acid) synthesis and GA (gibberellic acid) 

catabolism signaling which induces and maintains the dormancy state within the embryo 

(Cadman et al. 2006).  

Seed dormancy is common in many plant species and is an important ecological 

survival mechanism for many native wildflower species. However, seed dormancy may 

limit cost efficient propagation and production of many native plant species with 
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commercial potential.  There is a lack of information regarding the dormancy-release 

requirements for many native species (Roemmich et al. 2012). When the seed dormancy 

release mechanism is not addressed, attempts to propagate native species with complex 

seed dormancy-release mechanisms may be unsuccessful (Heather et al. 2010). Lack of 

success entails low germination percentages and erratic germination patterns, decreasing 

the potential of introducing native plant material into the horticultural market (Heather et 

al. 2010). Lack of information on the germination requirements of native wildflowers 

exhibiting seed dormancy may limit the number and type of native species introduced to 

the horticultural market (Potts et al. 2002; Chambers et al. 2006; Heather et al. 2010). 

Arrowleaf balsamroot is an herbaceous perennial plant which grows 30.48 to 

60.96 cm in height with a tap-root up to 2.44 meters long with a 4-inch (10.16 cm) 

diameter; bears multiple long peduncles, has lanceolate leaves, and flower heads have an 

outer whorl of ray flowers 2.54 to 5.08 cm long, and an inner whorl of disc flowers 

(USFS 1937; Wasser 1982; Stevens 1985). Its geographical range is Western North 

America, stretching east as far as the Dakotas and west into California and northwest into 

Canada (USFS 2008).  

Arrowleaf balsamroot is ecologically valuable as winter food source for domestic 

livestock and wild ungulates (Stanton 1974). The dry herbage has been labelled as “fairly 

palatable” to multiple classes of domestic livestock including horses, cattle, sheep, and 

game animals (Wilkins 1957; Stanton 1974). The leaves and flowers, high in dietary fiber 

and carbohydrates, are consumed by wild ungulates such as mule deer, elk, pronghorns, 

and bighorn sheep (Wilkins 1957; Stanton 1974). As a long-lived, energy-rich, forage 
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plant for domesticated livestock, wild range ungulates, and game species, arrowleaf 

balsamroot has the potential to fulfill a valuable niche as an important native plant forage 

species for private landowners and federal land management agencies (Wilkins 1957). 

Arrowleaf balsamroot is also economically valuable for rehabilitation and 

restoration of disturbed forested areas (Wasser 1982). In Utah, it has been included in a 

seed mix directed towards optimizing feed materials for game wildlife. It has a high 

potential for reclamation of previous oil-shale or coal-mined sites (Wasser 1982). 

Arrowleaf balsamroot is also an attractive native for roadside revegetation projects, as its 

showy flower and long taproot provides beautification and soil stabilization (Wasser 

1982). It is a drought resistant and fire-resistant species, increasing its potential for the 

horticultural market in arid and fire-prone environments, such as in the Intermountain 

Western Region (Staton 1974; Wischnofske 1983; Powell 1994; McWilliams 2002).  

Finally, arrowleaf balsamroot is an important part of preservation of the heritage 

of indigenous people due to its traditional uses as a medicinal plant and as an important 

source of food. Cheyenne boiled and consumed the roots, stems and leaves (Hart 1976; 

Stubbendieck et al. 1992). Members of the Salish, Kootenai, and Nez Perce tribe 

consumed the raw stems of the plant (Hart 1976). Due to its history of utilization by First 

Nation peoples, arrowleaf balsamroot is included in a tribal nursery handbook developed 

by the USFS as a potential plant for propagation in modern tribal nurseries (Dumroese 

2009). 

Due to the potential ecological, economic, and cultural benefits of arrowleaf 

balsamroot, this native species has a high horticultural potential for production in native 
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plant nurseries (Chambers et al. 2006). Commercial cultivation and production of 

arrowleaf balsamroot may fill a vital niche in the Intermountain West region for federal 

land managers and private landowners. 

In spite of its value and economic potential, arrow-leaf balsamroot seeds display 

low germination percentages and erratic germination, despite exposure to dormancy-

releasing treatments (Young and Evans 1979; 1979; Kitchen and Monsen 1996; 

Chambers et al. 2006). A cold: moist stratification period of 15 weeks at 5⁰C and a 

combination of cold: moist stratification with ethylene has been shown to increase 

germination (Young and Evans 1979; Chambers et al. 2006). However, in these studies, 

final germination percentage remained at or below 38% (Chambers et al. 2006). This 

species is considered to exhibit physiological dormancy, however, the level and type of 

physiological dormancy remains unknown. The lack of information on the exact 

dormancy-releasing mechanisms, coupled with low final germination percentage has 

limited the potential for arrowleaf balsamroot introduction into the horticultural market 

(Chambers et al. 2006).  

The objective of this research was to classify the seed dormancy type of arrowleaf 

balsamroot through the identification of effective seed dormancy-release mechanisms and 

to increase the final germination percentage germination of arrowleaf balsamroot seeds 

through overcoming inherent seed dormancy of this species. 
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Materials and Methods  

 

Seeds were collected at an elevation of 1514.86 meters, in Bozeman, Montana 

(45⁰42'35.27" N, 110⁰42'35.27"S 110⁰58'37.73" W) at three separate dates in July 2013 

(July 8th, 14th and 27th). Seeds from each collection date were separated and assigned a 

label based on harvest date. Seeds collected on July 8
th

 were designated as H8 , as H14 on 

July 14
th

, and as H27 on July 27
th

.. When achenes turned a dark brown to black color and 

fell from the open, dry flower heads, seeds were deemed mature and were collected. 

Seeds were cleaned through a series of different sized screens and chaff was separated 

from seed using a South Dakota Seed Blower. Clean seeds were transferred to paper bags 

for storage.  

An initial 2, 3, 5-triphenyltetrazolium chloride (TZ) test to determine viability of 

was completed within two to four weeks of collection using 4 replicates of 25 randomly 

selected seeds from a combined, subsample of seeds randomly selected from H8, H14, 

and H27. Procedures for the TZ test were adapted from the Seed Testing Handbook from 

ASOCA for species in the Asteraceae family (ASOCA 1993). Seeds were: 1) allowed to 

imbibe in deionized water overnight, 2) cut at the distal end about 1/3 of the length of the 

seed, 3) the longer portion of the seed was placed in a glass dish containing 5 mL of 1% 

TZ solution and, 4) incubated in the dark at 35⁰C for 5 hours. Seeds were dissected 

laterally and the embryo examined under magnification (10x). Missing embryos, 

unstained embryos or embryos stained all or partially black were considered non-viable. 

Embryos stained dark pink to red were counted as viable. 
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After the initial TZ test for viability, seeds were exposed to two different storage 

conditions over a period of 0 to 11 months (Table 1). To test the effect of cold, dry 

storage (CDS), all seeds were kept dry in separate paper bags labelled by harvest date 

(H8 for July 8th, H14 for July 14th, and H27 for July 27th) and placed into a seed storage 

room at 5 ± 1⁰C. To test the effect of warm dry storage (WDS), all seeds were kept dry in 

separate paper bags labelled H8, H14, and H27, and placed into storage at ambient 

conditions of 21 ± 1⁰C.  

 

Initial Seed Tests to Classify Dormancy 

A total of six initial germination tests and one experiment on seed structure 

identification was completed to classify the level and type of seed dormancy and to 

identify successful treatments to increase the final germination percent of arrowleaf 

balsamroot. Experiments 1 through 5 were conducted in order to identify and classify the 

level and type of seed dormancy involved, and their results used to design the final 

germination experiment to address breaking dormancy (experiment 6). The final 

germination experiment was utilized to confirm results of the final protocol for increasing 

final germination and seed dormancy classification.  

Unless otherwise noted all experiments followed 8 step standardized protocols for 

seed preparation: 1) random selection of seeds, 2) surface sterilization of seeds 

accomplished by soaking seeds in a 15% Clorax and deionized water solution for 10 

minutes, 3) sterilization of germination container (cut comb honey container - 4-5/16”x 

4-5/16” x 1-3/8” © Pioneer Plastics Inc.) via bleach wash,4) blue blotter paper sterilized 

in a autoclave at 121⁰C, at 15 psi for 15 minutes, 5) sterilized seeds placed on blue blotter 
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paper, 6) blue blotter paper moistened with deionized water or a growth regulator 

solution, 7) germination container(s) placed into controlled walk-in growth chambers, 

with cool-white fluorescent lamps, and 8) after the initial treatment, moistened with 

deionized as needed. Germination was defined when emerged radicle was ≥ 1mm in 

length.   

Unless otherwise noted, all initial seed treatments, were designed as a complete 

factorial experiment with 3 replicates and 100 seeds per replicate and analyzed as a 

generalized linear model. Data was analyzed using PROC GLM (SAS University Edition 

9.3) with a repeated measures statement to account for the correlation between 

germination measurements over time. Where only one factor was examined, data was 

analyzed using a one-way analysis of variance (PROC ANOVA, SAS University Edition 

9.3). Means were examined utilizing the least-square means test (LSMEANS SAS 

University Edition 9.3) and all pair-wise combinations of all factors and levels were then 

examined with the Tukey-Kramer Honestly Significant Difference test (HSD) at α=0.05 

significance level (TUKEY ADJUST SAS University Edition 9.3). Harvest date was not 

significant and thus the collection date was utilized in initial experiments as replicates. 

Germinated seeds were counted weekly for 15 weeks and discarded after each weekly 

count.  

 

Seed Structure Identification. As part of the initial seed classification experiments, 

the seed classification system of Martin (1946) was used to identify the structure of the 

seed by examining the embryo under magnification (25x) (Forbis et al. 2002; Finch-

Savage and Leubner-Metzger 2006).   
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Experiment 1: Imbibition. To examine water uptake by intact seeds, imbibition 

was measured within 2 to 4 weeks of collection time. Four replicates of 25 seeds each 

were randomly selected and the initial dry mass (Wn) was measured in grams using a 

Mettler Toledo AG104 balance. After determining the average initial mass, seeds were 

allowed to imbibe water on moistened blue blotter paper. At periods of 5, 10, 15, 30, 45, 

60 and 1080 minutes (18 hours), seeds were taken out, the imbibed tissue weighed (Wi), 

and the increase in fresh weight after imbibition calculated using the formula [(Wi- 

Wn)/Wn] x 100.  

 

Experiment 2.1: Cold: Moist Stratification. The effect of cold: moist stratification 

(CS), in seeds which were after-ripened (dry storage) for 20 days at two storage 

temperatures (WDS at 21± 1⁰C and cold CDS at 4± 1⁰C), was examined in a factorial 

design as seeds were exposed to a control of warm: moist stratification at 15± 1⁰C and 

cold: moist stratification at 4±1⁰C.   

 

Experiment 2.2: Cold: Moist followed by Warm: Moist Stratification: The effect 

of warm: moist stratification followed by cold: moist stratification, in seeds after-ripened 

(dry storage) for 20 days at two storage temperatures (WDS 21± 1⁰C and CDS 5± 1⁰C), 

was examined in a separate complete factorial design in which after-ripened seeds were 

exposed to warm stratification at 21± 1⁰C for 8 weeks followed by 7 weeks of cold: 

moist stratification at 4±1⁰C, with a control at 15 weeks of moist stratification at 4± 1⁰C. 

 

Experiment 3: After-ripening Temperature & Time. To examine the effect of 

after-ripening (dry storage) at two different temperatures (WDS at 21± 1⁰C and CDS at 
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5± 1⁰C) final germination % was examined at 20 days, 40 days, 80 days, 120 days, and 

240 days. To examine the effect of after-ripening over time (between time periods of 20 

days, 40 days, 80 days, 120 days, and 240 days), final germination % was examined at 20 

days, 40 days, 80 days, 120 days, and 240 days. 

 

Experiment 4: Gibberellic Acid (GA). To examine the effect of gibberellic acid 

(GA) in seeds after-ripened for 240 days at two temperatures (WDS at 21± 1⁰C and CDS 

at 5± 1⁰C) were exposed separately to four concentrations of GA at 0 (control), 200, 400, 

600 mg/L solution. The only active form of GA which was used in this study was GA3 

and will generally be referred to as GA throughout the remainder of this study. Seeds 

were immediately incubated in a growth chamber at 4±1⁰C.  

 

Experiment 5: Excised Embryos. To examine the germination capacity of excised 

embryos, 4 replicates of 25 seeds each were removed from H8, H14, and H27, and the 

embryo excised from seed coat under a dissecting microscope using a scalpel. Excised 

embryos were then exposed to three different temperatures (4 ± 1⁰C, 10 ± 1⁰C, 21 ± 

1⁰C).  

 

Final Germination Test to Classify Dormancy 

 

 Experiment 6: Gibberellic Acid (GA). Out of the initial seed treatments to classify 

dormancy, as evaluated in experiments 1 through 6, GA had the most positive effect on 

seed germination. A final germination experiment was conducted to confirm dormancy 

classification and further investigate the dormancy breaking potential of GA. The final 
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germination experiment was designed in a complete factorial design taking into account 

the following three factors; 1) harvest date, 2) 11 months (378 days) of after-ripening at 

two temperatures, and 3) GA. There were multiple levels to each factor; harvest date at 3 

levels (July 8
th

, 14
th

, 27
th

), storage temperature at 2 levels (WDS at 21⁰C, CDS at 5⁰C), 

and gibberellic acid (GA) at 5 levels (0, 250, 500, 750, and 1000 mg/L). All treatments 

were replicated 4 times with 100 seeds per replicate.  

Germinated seeds were counted every 5 days for 65 days and discarded after each 

weekly count. Removed seedlings were transplanted to observe and check for abnormal 

growth or morphological variation. Germinated seedlings were transferred to a 

greenhouse maintained at 15.5⁰C and transplanted into a soilless media mix (Sunshine 

Mix #1 ™).  Morphological abnormalities were identified by comparing normal shoot 

and root development in each seedling. At the end of the final germination experiment, a 

TZ test was completed and non-viable seeds were not considered when calculating the 

final germination %.  Following the TZ analysis, the final germination percentage, the 

number of days until 50% final germination (T50), and the number of days between 10% 

and 90% germination (T90) were calculated to examine the rate and uniformity of 

germination. As germination data was collected every 5 days but not in between, the 

closest date was used to calculate T50 and T90.  

Data was analyzed using a generalized linear model (PROC GLM, SAS 

University Edition 9.3) with a repeated measures statement to account for the correlation 

between germination measurements over time. Means were examined utilizing the least-

square means test and all pair-wise combinations of all factors and levels were then 
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examined with Tukey-Kramer HSD at α=0.05 significance level (LSMEANS, TUKEY 

ADJUST SAS University Edition 9.3).  

 

Results 

 

Based on the initial TZ testing, the % viability of 4 replicates with 25 seeds per 

replicate was at a mean pure live seed (PLS) % of 87%. 

 

Initial Seed Tests to Classify Dormancy 

 

 Seed Structure Identification. Utilizing the Martin 1946 seed classification 

system, the structure of the seed and the shape of the embryo was identified as spatulate, 

fully developed (Forbis et al. 2002; Finch-Savage and Leubner-Metzger, 2006, Martins 

1946). 

 

Experiment 1: Imbibition. The fresh mass (g) of all seeds displayed a mean 

percent increase in mass at all time periods (5, 10, 15, 30, 45, 60, 90, and 1080 minutes) 

compared to the unimbibed control (Figure 2.1). This trend shows seeds a steady percent 

increase in seed mass, however between 90 and 1080, a leveling off in percent increase in 

seed mass was exhibited, displaying a trend of decreased water uptake after 90 minutes of 

imbibition 
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Figure 2.1. Effect of seed imbibition time (minutes) on increase (%) in mass (g) of seeds. 

Blue circles indicate means and error bars indicate standard error.  

 

 

Experiment 2.1: Cold: Moist Stratification.  There was no significant main effect 

of cold: moist stratification (CS at 4± 1°C) on % final germination compared to the 

control (WS at 15± 1°C) (Table 2.1 APPENDIX C). After-ripening temperature (CDS, 

WDS) did not significantly affect final germination percentage (Table 2.2 APPENDIX 

C). There was no significant interaction between stratification temperature (CS and WS) 

and after-ripening temperature on final germination %. The grand mean final germination 

percentage of all stratification temperatures (CS and WS) and all after-ripening 

temperatures (CDS and WDS) was 2.5%.  
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Experiment 2.2: Cold: Moist followed by Warm: Moist Stratification. Warm 

followed by cold: moist stratification (21 ± 1°C for 8 weeks (WS) followed by 4± 1°C 

(CS) for 2 weeks) did not significantly impact % final germination compared to the 

control (CS at 4 ± 1°C for 15 weeks).  There was no significant effect of after-ripening 

temperature (CDS, WDS) on final germination percentage (Table 2.2 APPENDIX C). 

There was no significant interaction between stratification temperatures (WS followed by 

CS and control) and after-ripening temperature (CDS and WDS). The grand mean final 

germination percentage of CS followed by WS, the control, and all levels of after-

ripening temperature (CDS and WDS) was 7.1%.  

 

Experiment 3: After-ripening Temperature & Time. There was no significant 

effect of after-ripening time periods (20, 40, 80, 120, and 240 days) on final germination 

percentage (Table 2.3 APPENDIX C). After-ripening temperature (CDS, WDS) did not 

significantly affect the % final germination (Table 2.3 APPENDIX C).  There was no 

significant interaction between after-ripening time periods and temperatures (Table 2.3 

APPENDIX C). The grand mean final germination percentage of all after-ripening 

temperatures (CDS and WDS) in combination all after-ripening time periods (20, 40, 80, 

120, and 240 days) resulted in a 6.4%. 

 

Experiment 4: Gibberellic Acid (GA). Seed treatment involving gibberellic acid at 

200, 400, and 600 mg/L of GA provided significant improvement in % final germination 

compared to the control (0 mg/L GA) (Table 2.4 APPENDIX C). After-ripening 

temperature (CDS, WDS) did not significantly impact final germination percentage 
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(Table 2.4 APPENDIX C). There was also no significant interaction between GA and 

after-ripening temperatures (CDS and WDS) (Table 2.4 APPENDIX C). The grand mean 

final germination percentage of all GA levels in combination all after-ripening 

temperatures (CS and WS) resulted in a 29.8%. 

 

Experiment 5: Excised Embryos. All excised embryos failed to germinate by the 

end of the experimental period. Embryos displayed abnormal conditions as described by 

Nickelova (1967) such as, cotyledons briefly budding but the embryo blackened 

exhibiting cellular necrosis, radicles not emerging, or emerged seedling did not survive 

the experimental period.  

 

Final Germination Test to Classify Dormancy 

 

 Experiment 6: Gibberellic Acid (GA). Harvest date did not significantly affect 

final germination percentage (Table 2.5 APPENDIX C). Warm and cold after-ripening 

(CDS, WDS) in combination with GA significantly affected final germination percentage 

(Figure 2.2) (Table 2.5 APPENDIX C). In a two-way interaction, higher levels of GA 

with after-ripening temperature (CDS at 5± 1⁰C and WDS at 21± 1⁰C) significantly 

increased final germination percentage (Figure 3) (Table 2.5 APPENDIX C).  
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Figure 2.2. Effect of interaction of gibberellic acid (GA mg/L) and after-ripening 

temperature (CDS at 5± 1⁰C and WDS at 21± 1⁰C) on final germination percentage. 

ANOVA analysis with F=342.38, P=<.0001. Blue circles represent least square means for 

cold after-ripening temperature (CDS). Red diamonds represent least square means for 

warm after-ripening temperature (WDS). Error bars indicate 95% confidence at the 0.05 

level. 

 

 

A significant two-way interaction between GA and harvest date, significantly 

affected the rate of germination with the greatest rate of germination demonstrated by 

decreased T50 values in H8 (July 8
th

) at 1000 mg/L GA and H14 (July 14
th

) at 1000 mg/L 

GA and H27 (July 27
th

) at 750 mg/L GA (Figure 2.3) (Table 2.6 APPENDIX C).  
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Figure 2.3. Effect of gibberellic acid (GA mg/L) and harvest date (July 8
th

, 14
th

, 27
th

 in 

2013) on time (days) it takes to achieve 50% final germination (T50). ANOVA analysis 

with F=2.50, P=0.0168. Blue circles represent July 8
th

 (H8). Red diamonds represent 

least square means for July 14
th

 (H14). Black squares represent least square means for 

July 27
th

 (H27). Error bars indicate 95% confidence at the 0.05 level. 

 

 

In a significant two-way interaction , GA and after-ripening temperature 

significantly affected rate of germination (T50), with the greatest increase in rate of 

germination at cold after-ripening 750 and 1000 mg/L GA, and warm after-ripening at 

1000 and 500 mg/L GA (Figure 2.4) (Table 2.6 APPENDIX C).   
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Figure 2.4. Effect of gibberellic acid (GA mg/L) and after-ripening temperature (CDS at 

5± 1⁰C and WDS at 21± 1⁰C) on time (days) it takes to achieve 50% final germination 

(T50). ANOVA analysis with F=7.99, P=0.0001. Blue circles represent least square 

means for cold after-ripening (CDS). Red diamonds represent least square means for 

warm after-ripening (WDS). Error bars represent 95% confidence at the 0.05 level. 

 

In a significant two-way interaction, after-ripening temperature (CDS and WDS) 

and harvest date significantly affected the rate of germination (T50) with warm after-

ripening (WDS) significantly increasing germination rate for H8 (July 8
th

) and H14 (July 

14
th

), compared to cold after-ripening (CDS) (Figure 2.5). There was no significant 

interaction in germination rate (T50) for after-ripening, harvest date, and GA (Table 2.6 

APPENDIX C). 
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Figure 2.5. Effect of harvest date (July 8, 14, and 27th) and after-ripening temperature 

(CDS at 5± 1⁰C and WDS at 21± 1⁰C) on time (days) it takes to achieve 50% final 

germination (T50). ANOVA analysis with F=2.50, P=0.0168. Blue circles represent cold 

after-ripening (CDS). Red diamonds represent warm after-ripening (WDS). Symbols 

represent least square means. Error bars indicate 95% confidence at the 0.05 level.  

 

 

There was a significant three-way interaction in germination rate (T90) for after-

ripening, harvest date, and GA (Table 2.7 APPENDIX C) (Figure 2.6). However, the T90 

values do not accurately depict the values of the control (cold after-ripening at 0 GA and 

warm after-ripening at 0 GA), as this measurement does not account for the increased 

delay in germination for the control seeds, compared to all other treatments. The seeds in 

the control began to germinate 2 to 5 weeks after seeds exposed to GA had already 

started germinating. The delay in the initiation of germination and the low % final 
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germination for the control values caused T50 and T90 values to depict a fast germination 

rate, when in actuality; they represent a delay and decreased final germination percentage 

when compared to other treatments.
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Figure 2.6. Effect of gibberellic acid (GA mg/L), harvest date (July 8
th

, 14
th

, and 27
th

), 

and after-ripening temperature (CDS at 5± 1⁰C and WDS at 21± 1⁰C) on time (days) it 

takes to achieve between 10% and 90% of final germination (T90). ANOVA analysis 

with F=3.31, P=0.0023. Solid lines represent cold after-ripening (CDS) and short-dashed 

lines represent warm after-ripening (WDS). Blue circles represent harvest date of July 8
th 

(H8). Red diamonds represent harvest date of July 14
th

 (H14). Black squares represent 

harvest date of July 27
th

 (H27). Symbols represent least square means. Error bars indicate 

95% confidence at the 0.05 level.  
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Discussion 

 

 Seed Dormancy Classification Process 

Classifying seed dormancy to specific level and type often requires the 

examination of multiple physiological mechanisms or dormancy-breaking requirements, 

all which may occur simultaneously. Multiple dormancy mechanisms present in different 

proportions present challenges to the classification of dormancy (Schwienbacher et al. 

2011). This is evident especially when attempting to distinguish between different levels 

and types of physiological dormancy. As physiological dormancy is defined by a number 

of factors such as; 1) developmental state of embryo when removed from mother plant 2) 

physical attributes of the seed, and 3) response of the mother plant and seed to 

environmental stimuli, it becomes difficult to confirm a clearly defined level and type to 

the class of physiological dormancy (Finch-Savage and Leubner-Metzger 2006).  

A lack of a clear level and type classification of physiological dormancy was 

apparent in the classification process for arrowleaf balsamroot seeds. In this study, 

multiple types within more than one level of physiological dormancy were supported. In 

order to clarify the level and type of seed dormancy, the classification scheme by Baskin 

and Baskin (1998, 2004) and reclassification scheme by Schwienbacher (2011) was 

utilized. Under the Baskin and Baskin (1998, 2004) classification scheme, the following 

levels and types of physiological dormancy were characteristic of arrowleaf balsamroot 

seeds: nondeep physiological dormancy type 2, intermediate physiological dormancy 

type 2, and deep physiological dormancy type 1 and 3. Under the reclassification scheme 
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by Schewienbacher et al. 2011 seeds of arrowleaf balsamroot suggest deep physiological 

dormancy, type 3. 

 

Deep Physiological Dormancy. Arrowleaf balsamroot displayed deep 

physiological dormancy, type 1 and type 3.  

Deep physiological dormancy, types 1 and 3, was supported as the following type 

requirements: for type 1: excised embryos produced abnormal seedlings, and for type 3: 3 

to 4 months of cold: moist stratification was required to break dormancy.  

However, type 2, which occurs when GA does not promote germination, was not 

exhibited as the treatment of GA resulted in % final germination > 80%.   

Under the Schwienbacher (2011) reclassification scheme, deep physiological 

dormancy type 3, which occurs when seed exposed to an after-ripening time period of a 

minimum of 133 days, to a maximum of 148 days, achieve a % final germination of less 

than 50%.  This was supported as the final germination experiment (experiment 6), with 

an after-ripening period of 378 days at 5±1⁰C, achieved a final germination of 4.1% ± 

2.4% for cold after-ripening and 6.7 ± 2.4% for warm after-ripening. 

 

Intermediate Physiological Dormancy. Arrowleaf balsamroot displayed 

intermediate physiological dormancy type 2.  

Intermediate physiological dormancy type 2, which occurs when GA promotes 

germination, was supported by the result of greater than 80% germination with GA 

treatment.   
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However, intermediate physiological dormancy type 1, 3, and 4, were not 

supported, as the following type requirements did not occur: type 1: which occurs when 

excised embryos produce normal seedlings, was not supported as excised embryos 

exhibited abnormal qualities, type 3: which occurs when 2 to 3 months of cold 

scarification breaks dormancy, was not supported as low germination percentages < 20% 

were exhibited, and type 4: which occurs when dry storage (after-ripening) shortens the 

cold: moist stratification period, was not supported as 40 and 80 days of after-ripening 

resulted in a low final germination percentage of < 2.5%.  

 

Nondeep Physiological Dormancy. Arrowleaf balsamroot seeds displayed 

nondeep physiological dormancy type 2.  

Nondeep physiological dormancy type 2, which occurs when GA promotes germination, 

was supported as treatment of GA resulted in greater than 80% germination.  

However nondeep physiological dormancy types 1, 3, and 4 were no supported, as 

the following type requirements did not occur: type 1: which occurs when excised 

embryos produce normal seedlings, was not supported as excised embryos exhibited 

abnormal qualities, type 3: which occurs when cold: moist stratification (0 to 10⁰C) or 

warm: moist stratification (> 15⁰C) breaks dormancy, did not occur as stratification 

temperatures obtained a mean final germination percentage of 2.5%.  

Nondeep physiological dormancy type 4, which occurs when seeds after-ripen in 

dry storage, was not supported as after-ripening (after-ripening periods of 20, 40, 80, 120, 

and 240 days) did not significantly promote germination with a % final germination of < 

2.5%. 
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Physical, Morphological and Morphophysiological Dormancy. The ability of 

arrowleaf balsamroot to uptake water with an intact seed coat suggests that arrowleaf 

balsamroot seeds do not have physical dormancy. Arrowleaf balsamroot seeds exhibited a 

fully developed and differentiated embryo, with little to no endosperm, which is not 

indicative of morphological and morphophysiological seed dormancy.  

 

Reclassification. Utilizing the Baskin and Baskin (1998) classification scheme, 

arrowleaf balsamroot seed dormancy is indicative of nondeep physiological dormancy 

type 1, intermediate physiological dormancy type 2, and deep physiological dormancy 

types 1 and 3. This may be due to the difficulties in clearly defining a level and type to 

the class of physiological dormancy. The challenges with clearly defining a level and 

type to the class of physiological dormancy may be evident by the conflicting guidelines 

which have been utilized to classify the levels and types of physiological dormancy. In 

the Baskin and Baskin (1998, 2004) classification scheme, GA does not promote 

germination of seeds exhibiting deep physiological dormancy.  

However, in Schwienbacher (2011), after-ripening is identified as a precondition, 

seeds which are exposed to a range of 133 to 448 days of after-ripening at 4⁰C, and do 

not achieve greater than 50% germination as a result of after-ripening, are classified 

under deep physiological dormancy. After 378 days of warm and cold after-ripening, 

arrowleaf balsamroot seeds exposed to the warm temperature achieved a final 

germination percentage of 4.1% ± 2.4% and seeds exposed to the cold temperature 

achieved a final germination percentage of 6.7% ± 2.4%.  
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Based on less than 10% final germination after 378 days of after-ripening, the 

Schwienbacher (2011) reclassification scheme suggests arrowleaf balsamroot seeds 

exhibit deep physiological dormancy. Schwienbacher (2011) does not consider GA and 

excised embryos a part of the classification scheme. 

From an ecological perspective, the classification of arrowleaf balsamroot seed 

dormancy as deep physiological dormancy type 3 may be supported. Baskin and Baskin 

(2004) has documented the requirement of a longer period of cold: moist stratification as 

an adaptive strategy for survival in specific environmental conditions, such as a lengthy, 

cold winter, which is characteristic of the Intermountain West. The ability of arrowleaf 

balsamroot to germinate at lower temperatures is also characteristic of deep physiological 

dormancy, as species displaying this type often germinate in colder spring temperatures 

(Baskin and Baskin 2004).  

 

Conclusion 

 

 With treatment of GA final germination percentage of arrowleaf balsamroot seeds 

was successfully doubled compared to previous studies. In the current study, treatment 

with GA, in combination with 378 days of after-ripening, increased germination to 

greater than 80%, and germination rate (T50) was highest with the combination of 750 to 

1000 mg/L GA treatment under the influence of harvest date, and after-ripening 

temperature.  

 Upon examination of the classification of arrowleaf balsamroot seed dormancy to 

the specific level and type of physiological dormancy, nondeep physiological dormancy 
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type 2, intermediate physiological dormancy type 2, and deep physiological dormancy 

types 1 and 3 was indicated, utilizing the Baskin and Baskin classification scheme (1998, 

2004). The Schwienbacher (2011) scheme suggests that arrowleaf balsamroot seeds are 

most closely aligned with the class and level, physiological deep dormancy.  
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CHAPTER 3 

 

 GREENHOUSE PROPAGATION OF ARROWLEAF BALSAMROOT 

 

Abstract  

 

The objective of this study was to evaluate greenhouse growth conditions for the 

propagation of arrowleaf balsamroot (Balsamorhiza sagittata). Upon plug establishment, 

seedlings were transplanted into 4-inch pots square pots or Cone-tainer cells and 

fertilized with 20-10-20 NPK synthetic, water-soluble fertilizer (Peat-Lite Special, Jack’s 

Professional ™ ) at 5 rates (0, 50, 100, 200, 400 mg nitrogen /L). Plants were fertilized 1 

time per week for a total of 98 days in the greenhouse. Based on shoot dry weight 

(SDW), leaf width, and length measurements, rates of 200 to 400 mg nitrogen /L resulted 

in greatest positive shoot growth. Supplemental nitrogen beyond 100 mg nitrogen/L may 

have decreased plant health by decreasing root mass. Based on the root morphology, root 

dry weight, and a positive growth response in leaf width, the Cone-tainer is an effective 

container type for propagating arrowleaf balsamroot in the greenhouse.  

 

Introduction 

 

Arrowleaf balsamroot is an Intermountain West native perennial plant species 

with a showy, sunflower-like flowerhead, stabilizing taproot, high drought tolerance, and 

high ecological value as a year-around food source for domestic livestock and 

undomesticated wildlife (Wasser 1982; McWilliams 2002; Chambers 2006). This species 
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has been identified as a valuable restoration species and also as a native plant with a high 

horticultural potential (McWilliams 2002; Chambers 2006).  

Utilization of native plant material may enhance native pollinator habitat, 

ecological stability, reduce the need for chemical pest, and reduce fertilizer use, thus 

limiting resource consumption and pollution (Meyer et al. 2005; Erikson 2008). 

Furthermore, use of native plant material increases the sustainability of small-scale and 

large-scale agricultural operations, reduces consumption of non-renewable resources such 

as gas used to transport plant materials and ultimately may promote the long-term safety 

and health of both humans and the environment (Potts et al. 2002; Meyer et al. 2005; 

Erikson 2008; Peppin et al. 2010). 

Due, in part, to growing consumer awareness of sustainability issues, there is a 

growing demand for native plants (Potts et al. 2002). A number of surveys have identified 

a clear market demand for native plants from both growers and homeowners (Meyer et al. 

2005; Helfand et al. 2006; Larsen and Harlan 2006). In the last 30 years, national policy 

has increasingly focused on encouraging federal land management agencies to use native 

plant material in large-scale restoration projects (Peppin et al. 2010). Increasing 

popularity of native plants has helped create greater demand for native plant material 

(NPM) (Potts et al. 2002). Yue (2011) found that native plants have an average premium 

of $0.35 per plant compared to non-native plants. In the same survey 92% of the 

respondents stated that they would be willing to pay the $0.35 premium for native 

ornamental plant species vs. non-native or invasive species (Yue et al. 2011).  
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Rapid production of native plants in a commercially viable setting is often lacking 

due to limited knowledge regarding the propagation of these plants. This paucity of 

knowledge has been identified as one of the most significant limitations to producing 

native plant material (Potts et al. 2002; Lynn et al. 2008; Brzuszek and Harkess 2009; 

Perez et al. 2010; Peppin et al. 2010). Greenhouse production protocols for optimizing 

growth of many native plant species remain unknown. Further research is needed to 

establish greenhouse production protocols for one such species, arrowleaf balsamroot. 

The purpose of this project was to identify basic production requirements and greenhouse 

growth conditions for arrowleaf balsamroot, specifically, to examine the effect of 

fertilizer rate and container-type on arrowleaf balsamroot in the greenhouse.   

 

Materials and Methods 

 

Arrowleaf balsamroot seeds were germinated in a germination box (cut comb 

honey container - 4-5/16” x 4-5/16” x 1-3/8” © Pioneer Plastics Inc.) containing sterile 

blue blotter paper. After successful germination seeds were transplanted into 150 cell 

plug trays (4.5 cm x 4.5 cm cells) in Sunshine Mix #1 ™ (SunGro Horticulture ™) and 

grown to the cotyledon stage. Twenty eight days after sowing, cotyledons which 

exhibited their first true primary leaf were then transplanted into two types of growth 

containers; a standard 4-inch square pot (670 ml) or a Ray Leach Cone-tainer  (164 ml), 

filled with Sunshine Mix #1 ™.   

Plants in both container types were manually fertigated one time per week with 

20-10-20 NPK with water-soluble fertilizer (Peat-Lite Special, Jack’s Professional) at 
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rates of 0, 50, 100, 200 and 400 mg nitrogen/L. Fertilizer rates (mg nitrogen/L) were 

chosen to mimic commercial bedding plants. Although highly dependent on species, 

growth stage, and additional production protocols, Bailey (1996) recommends utilization 

of 20-10-20 NPK at 50 to 250 mg/L of nitrogen and potassium fertilizer rates for bedding 

plants which may need less nutrients and those species which may require a higher 

concentration would require 20-10-20 NPK at 200 to 400 mg/L of nitrogen and 

potassium.  Every fourth irrigation cycle plants were irrigated with water and included a 

leaching percentage (the percentage of irrigation solution that drains from the container 

after irrigation) of 10 to 15% per container.  

Fifteen replicates were completely randomized on a greenhouse bench. Mean 

ambient air temperature of 30
⁰
/21

⁰
C day/night. The experiment was initiated in July 2013 

and continued for 98 days, at which point plants health reached a critical point and 

seemed likely to decline with increased leaf senescence with greater than the 98 day time 

period in the greenhouse.  Average day length from July 2014 to October 2014 ranged 

from 13 hours and 30 min to 11 hours 55 minutes. Length (mm) and leaf width (mm) 

were measured once per week using a digital caliper. After 98 days, plant shoots were 

separated from the roots, roots were washed, and shoots and roots were immediately 

dried in paper bags at 54⁰C for 48 hrs. The shoot dry weight (SDW) and root dry weight 

(RDW) in grams was determined using a Mettler Toledo AG104 balance. The root-to-

shoot ratio was calculated as a plant quality measurement assessing root health.  

The experiment was designed as a randomized complete factorial experiment with 

2 factors (container type and fertilizer) and multiple levels per factor, with container type 
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at two levels (4-inch square pot and Cone-tainer) and fertilizer at 5 rates (0, 50, 100, 200, 

and 400 mg nitrogen/L). Leaf width and height measurements was analyzed between and 

within 10 time periods (weeks) through the REPEATED statement in PROC GLM (SAS 

University Ed. 9.11). Biomass measurements were analyzed in PROC GLM (SAS 

University Ed. 9.11). All pairwise combinations were examined for utilizing Tukey’s 

honestly significant difference test with a significant level of α=0.05.  

 

Results and Discussion 

 

       

Container Type:  

 In examination of the effect of container type on leaf measurements for potted 

arrow-leaf balsamroot, leaf width measurements exhibited increased growth in the Cone-

tainer compared to the 4-inch square pot (Figure 3.1) (Table 3.2 APPENDIX D).   

 Container type did not have a statistical significant effect on SDW (Table 3.3 

APPENDIX D). The RDW and SDW graphically depicted as a root-to-shoot ratio 

exhibited significantly greater decreased root-to-shoot ratio in the 4-inch square pot 

compared to the Cone-tainer (Figure 3.2) (Table 3.5 APPENDIX D). 
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Figure 3.1. Effect of container type on leaf width. ANOVA analysis with F=5.08, 

P=0.0259. Blue upward facing triangles indicate least-square means for the Cone-tainer 

(cone). Red circles indicate least square means for the 4-inch square pot (pot). Error bars 

indicate 95% confidence at the 0.05 significance level. 
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Figure 3.2. Effect of container type on root: shoot ratio. ANOVA analysis with F=12.53, 

P=0.0006. Blue bar indicates least-square means for Cone-tainer (c). Red bar indicates 

least square means for 4-inch square pot (p). Error bars indicate 95% confidence at the 

0.05 significance level. 
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 Container type appears to be an important variable to consider when growing 

native plants in the greenhouse as it may influence growth, production efficiency, and 

also out-planting success (Landis and Simonich 1984). Many native plants may require a 

longer production period than their domesticated counterparts so any advantage that 

decreases production time is valuable in a native plant nursery.  

 Size, shape, root control features, cost, support, and ease of handling are 

important characteristics to consider when selecting containers for plant growth and 

production. For example, a 4-inch pot is shallow and wide, without root control features, 

and may be better for plants with a small, more fibrous root system. The Cone-tainer type 

is deeper, with anti-spiraling ridges that encourage taproot growth while inhibiting the 

spiraling of roots. Container type should be carefully considered and should meet the 

growth characteristics and requirements of the species (USFS 2014).  

 Arrowleaf balsamroot has a taproot which may reach up to 2.44 meters long 

(Wasser 1982; McWilliams 2002). When considering container characteristics such as; 

shape and size, root control features, cost, and support and handling, Cone-tainer type has 

an advantage over 4-inch pots by providing depth for the taproot development of 

arrowleaf balsamroot, reduce cost through saving space, and are easier to handle due to 

the cells being culled and consolidated (USFS 2014). 

 

 Fertility: The effect of fertility on leaf measurements for potted arrowleaf 

balsamroot, leaf length did not show a statistical significant growth response to fertility 

(Table 3.1 APPENDIX D).  At all levels of fertility (50, 100, 200, and 400 mg 

nitrogen/L) compared to the control, leaf width showed a significant positive growth 
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response (Figure 3.3) (Table 3.2 APPENDIX D). Between nitrogen levels, there was only 

a slight significant increase in leaf width growth response (Figure 3.3) (Table 3.2 

APPENDIX D).  
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Figure 3.3. Effect of fertilizer on leaf width. ANOVA analysis with F=4.2, P=0.0031. 

Blue symbols indicate least-square means for container type (Cone-tainer and 4-inch 

square pot). Upward triangles indicate 0 mg nitrogen/L. Downward triangles indicate 50 

mg nitrogen/L. Circles indicate 100 mg nitrogen/L. Squares indicate 200 mg nitrogen/L.  

Diamonds and error bars indicate 400 mg nitrogen/L. Error bars indicate 95% confidence 

at the 0.05 significance level. 

 

 

 Increasing nitrogen levels at 50, 100, 200, and 400 mg nitrogen/L showed 

increased shoot dry weight (Figure 3.4) (Table 3.3 APPENDIX D). However, shoot dry 

weight between rates of 50 and 100 mg nitrogen/L, and 200 and 400 mg nitrogen/L did 
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not demonstrate a statistically significant difference. Supplemental fertilizer ranging from 

200 to 400 mg nitrogen/L showed the greatest positive shoot dry weight effect. Greater 

than 100 mg nitrogen/L resulted in a statistically significantly negative response in the 

root-to-shoot ratio (Figure 3.5) (Table 3.5 APPENDIX D).  
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Figure 3.4. Effect of fertilizer on shoot dry weight. ANOVA analysis with F=6.36, 

P=0.0001. Blue circles indicate least-square means for fertilizer at 0, 50, 100, 200, and 

400 (mg nitrogen/L). Error bars indicate 95% confidence at the 0.05 significance level. 
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Figure 3.5. Effect of fertilizer on root: shoot ratio. ANOVA analysis with F=10.56, 

P=<0.0001. Blue circles indicate least-square means for fertilizer at 0, 50, 100, 200, and 

400 mg nitrogen/L. Error bars indicate 95% confidence at the 0.05 significance level. 

 

 

 In general, increasing nitrogen levels encouraged root growth of arrowleaf 

balsamroot and increased caudex mass and depth of rooting. However, the growth 

response at higher fertility was closely connected to container type, highlighting the 

importance of the interaction between container type and fertility levels.   

 

 Container Type by Fertilizer Interaction:  The effect of the significant interaction 

between container type and fertility on leaf measurements, leaf length measurements 

showed a significant negative growth interaction in the 4-inch square pot at high fertility 

levels (200 and 400 mg nitrogen/L) (Figure 3.6) (Table 3.1 APPENDIX D). 
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Figure 3.6. Effect of container type (cone, pot) and fertilizer (0, 50, 100, 200, and 400 mg 

nitrogen/L) on leaf length. ANOVA analysis with F=2.87, P=0.0256. Blue symbols 

represent the Cone-tainer (cone). Red symbols represent the 4-inch square pot (pot). 

Upward triangles indicate 0 mg nitrogen/L. Downward triangles indicate 50 mg 

nitrogen/L. Circles indicate 100 mg nitrogen/L. Squares indicate 200 mg nitrogen/L. 

Diamonds indicate 400 mg nitrogen/L. Symbols represent least square means. Error bars 

indicate 95% confidence at the 0.05 significance level. 

 

 

  There was no statistically significant container type-by-fertilizer interaction for 

leaf width measurements (Table 3.2 APPENDIX D).  There was no significant container 

type-by-fertilizer interaction for SDW (Table 3.3 APPENDIX D). Root dry weight 

showed a significant positive growth interaction in the Cone-tainer and a significant 

negative growth interaction in the 4-inch square pot at high fertility levels (200 and 400 
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mg nitrogen /L) (Figure 3.7) (Table 3.4 APPENDIX D). There was no significant 

container type-by-fertilizer interaction for the root-to-shoot ratio (Table 3.5 APPENDIX 

D). 
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Figure 3.7. Effect of container type and fertilizer rate (mg nitrogen /L) on root dry weight 

(g). ANOVA analysis with F=3.91, P=0.005. Blue diamonds indicate least square means 

for the Cone-tainer (cone). Red circles indicate least square means for the 4-inch pot 

(pot). Error bars indicate 5% confidence at the 0.05 significance level. 

 

 

 Arrowleaf balsamroot requires a long establishment period (6 to 8 years) with 

slow shoot growth and winter senescence (McWilliams 2002). Although shoot growth is 

slow, the taproot has been found to grow more quickly (McWilliams 2002). An important 

vegetative structure of arrowleaf balsamroot is the caudex, which consists of stem tissue 
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that stores carbohydrates and supports rapid regrowth under other favorable conditions 

(Wischnofske et al. 1983; McWilliams 2002; Flann 2013).  

 In the greenhouse, the statistical significant container type-by-fertilizer interaction 

for leaf measurements may be partly due to the senescence and regeneration which was 

observed with higher nitrogen levels in only the 4-inch square pots.  At 400 mg 

nitrogen/L a total of four plants senesced and then regrew from the caudex six weeks 

after the development of the first primary leaf. Additionally, at 200 mg nitrogen/L one 

plant senesced and regrew. Senescence and regeneration at the higher nitrogen levels 

decreased the mean growth response of leaf measurements to fertilizer, lowering the 

significance of the effect of 400 mg nitrogen/L on leaf measurements and SDW (Figure 

5). The significant interaction shown in the almost doubled negative reduction in root dry 

weight in the 4-inch square pot compared to the Cone-tainer at 200 and 400 mg 

nitrogen/L highlights how arrowleaf balsamroot performs better in the Cone-tainer at 

higher fertility. Decreased RDW in the 4-inch pots at higher nitrogen levels could be 

indicative of root spiraling and root rot caused by the decreased drainage in 4-inch pots 

and the lack of anti-spiraling features.  

 The statistically significant negative interaction in the root-to-shoot ratio at higher 

fertility rates suggest that rates above 100 mg nitrogen/L may result in decreased root 

mass incapable of supporting an increased shoot mass. An increased SDW and decreased 

RDW with higher supplemental nitrogen levels may lead to a less transplantable product 

as the smaller root system may not as effectively support a larger root system once 

transplanted. This decrease in root-to-shoot ratio with increasing nitrogen levels was 
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expected in a containerized seedling exposed to higher rates of nitrogen. Landis and 

Simonich (1984) reported that although synthetic fertilizers allow growers to quickly 

produce plants for nursery production, excess fertilization may be toxic and reduce plant 

growth.  

 

Conclusion 

 

 Although arrowleaf balsamroot is categorized as a slow-growing native plant 

species, a significant positive increase in shoot mass may be achieved with increasing 

fertility applied through manual fertigation at rates of 50, 100, 200, and 400 mg 

nitrogen/L. A significant negative interaction in shoot mass may occur in a 4-inch square 

pot at higher fertility of 200 to 400 mg nitrogen/L. The significant negative effect of 

higher fertility levels on root-to-shoot ratio is exhibited in a negative shoot-to-root ratio 

with increasing fertility. This displays how fertility beyond 100 mg nitrogen/L may lead 

to a less transplantable product. The significant negative effect of the 4-inch square pot is 

shown in a reduced root-to-shoot ratio in the 4-inch square pot.  The increased positive 

response of the root-to-shoot ratio and the shoot mass supports how the Cone-tainer 

appears to better than the 4-inch square pot for propagating arrowleaf in the greenhouse. 
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CHAPTER 4 

 

SEED DORMANCY OF SILVERLEAF PHACELIA 

 

Abstract 

 

 Silverleaf phacelia (Phacelia hastata var. hastata) is a versatile and hardy native 

plant species, with an aesthetically pleasing flower, silver-tinged leaves, and the ability to 

respond positively to nursery propagation protocols. However, attempts to germinate this 

species without suitable pretreatment have resulted in low and erratic germination due to 

seed dormancy. Although previous studies have identified the seed dormancy class of 

silverleaf phacelia to be physiological, further research is needed. In this study a 

minimum mechanical scarification increased germination rate and final germination 

percentage. Ninety seconds of scarification using new 40 grit sandpaper produced a 

maximum final germination of 87% ± 5%.  Utilizing the Baskin and Baskin (1998, 2004) 

seed dormancy scheme to classify silverleaf phacelia seed dormancy, seeds exhibit 

nondeep physiological dormancy type 1, 2, and 5, and intermediate dormancy type 1 and 

2. Based on the results of this study, addressing nondeep physiological dormancy type 5 

would be the most effective method to break seed dormancy and allow more efficient 

propagation of silverleaf phacelia.  

 

Introduction 

 

 Dormancy is the temporary failure of a seed to germinate (the emergence of the 

radicle from the embryo) even when the seed is exposed to favorable conditions for 
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germination (Baskin and Baskin 2001). Seed dormancy is caused by characteristics of the 

seed (Baskin and Baskin 2001; Finch-Savage and Leubner-Metzger 2006; Bewley et al. 

2013). According to which characteristics may be causing dormancy, seed dormancy has 

been classified into five main classes: 1) physiological dormancy (PD), 2) morphological 

dormancy (MD), morphophysiological dormancy (MPD), physical dormancy (PY) and a 

combinational dormancy (PY + PD) (Nikolavea 1969; Baskin and Baskin 2004; 

Schwienbacher et al. 2011). These five classes of dormancy have been expanded upon so 

each class may have sublevels and subtypes to each level (Baskin and Baskin 2004).  

 Besides being a fascinating biological process for plant scientists and ecologists, 

the study of seed dormancy has many practical implications (Stoehr and El-Kassaby 

2011). For example, the identification of seed dormancy through the classification 

process may be important for predictive plant establishment and survival analyses, 

especially in unique and changing climate conditions (Baskin and Baskin 2004; Bewley 

et al., 2013). However, seed dormancy may be a barrier to the propagation of many 

native wildflowers with potential for horticultural marketing, as many native wildflower 

species exhibit complex and difficult-to-break dormancy patterns (Cseresnyes 1979; 

Baskin and Baskin 1998).  

 Silverleaf phacelia (silverleaf scorpionweed) (Phacelia hastata var. hastata) is an 

Intermountain West native perennial forb in the waterleaf (Hydrophyllaceae) family 

which occurs at a broad elevation range of 899.77 to 2279.29 meters with a distribution 

from Southern British Columbia to the Sierras of California, and east to the Rocky 

Mountains (Hitchcock and Cronquist 1990).  Silverleaf phacelia has numerous, tightly 
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coiled, small 3 to 7 mm calyx lobed lavender to white flowers. The inflorescence uncoils 

loosely from the center as the flowers mature (USDA 2015).  

 The silver tinge to the leaves and the loosely coiled inflorescence accounts for one 

of this species’ common name, silverleaf scorpion weed. Phacelia is the largest genus in 

the waterleaf family and has 4 varieties: Phacelia hastata var. charlestonensis, Phacelia 

hastata var. compacta, Phacelia hastata var. dasyphylla, Phacelia hastata var. hastata 

(Glass and Levey 2011; Gilbert et al. 2005). Silverleaf phacelia and its varieties are found 

within valley grasslands, as well as mountainous foothills to rocky ledges in alpine 

regions (Mitchell et al. 1966; Bamberg and Major 1968; Morefield 1992; Bates et al. 

2000; Glass and Ley 2011).  

 With growing environmental instability and disturbance, the need to restore 

dysfunctional ecosystems has become increasingly important (Clewell and Aronson 

2013). Rehabilitation of disturbed areas due to waste and spoils from abandoned mine 

sites presents a challenge for national and state land management agencies.  Native plant 

species which establish in areas of increased environmental degradation are economically 

valuable for rehabilitation purposes (Munshower 1994; Brown 1997). Wildfire is another 

form of disturbance which is projected to increase in arid regions (Beyers 2004). With 

increased fire occurrence, native plant material recognized as early colonizers may be 

economically valuable for revegetation of large burn areas.  Recent changes in national 

policy have dictated that federal land management agencies give priority to use of native 

plant materials in revegetation activities of disturbed areas (Peppin et al. 2010). Many 

state land management regulations also require utilization of locally sourced native 
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species in site restoration (Roundy et al. 1997). This increased focus on using native plant 

material in revegetation activities has created a rising demand for locally-adapted native 

plant material (Peppin et al. 2010).  

 Silverleaf phacelia has been noted as an early colonizer after fire occurrence 

(Bates et al. 2000; Wayman and North 2006).  Scianna (2004) has also listed silverleaf 

phacelia as a species which is tolerant of heavy metals. Similarly, Schladweiler (2005) 

noted that silverleaf phacelia represented 22% of the abundance of forbs growing on an 

abandoned coal mine in Wyoming. An additional study looking at restoration using 

native plant species on coal mine spoils in the Rocky Mountains of Canada, found that 

within four years following restoration, silverleaf phacelia was one of the dominant 

native species (Smyth 1997). Evidence suggests silverleaf phacelia is a valuable species 

for restoration due to its ability to colonize after fires and establish in disturbed areas and 

arid regions.   

 Silverleaf phacelia may have high potential to be sold in nurseries and landscape 

businesses due to its high establishment success, aesthetic value, and significance for 

pollinators. Floral species which provide pollinator habitat are economically valuable as 

they facilitate healthy pollinator populations for pollination of agricultural crops. The 

flower of silverleaf phacelia have been shown to host three pollinator specialists, Mason 

Bees (Chelostoma phaceliae), Sweat Bee (Dufourea trochantera), and Pollen Wasps 

(Pseudomasaris zonalis) (Yu 2014). Silverleaf phacelia may have a high potential to be 

sold in nurseries and landscape businesses due to its high establishment rates, aesthetic 
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value, and significance for pollinators. Nursery propagation of silverleaf phacelia in the 

Intermountain West may help fill a niche in the regional native plant market. 

 Attempts to propagate this species often result in initial low and erratic 

germination, and a longer delay than desirable for marketability. Dormancy may is one of 

the likely causes of production delays. Previous research has classified the dormancy of 

this species as physiological, stating that 60 days of cold, moist stratification prior to 

germination may overcome dormancy (USDA 2014). However, the level and type of 

physiological dormancy of silverleaf phacelia remains largely unknown. Issues related to 

unknown seed dormancy mechanisms may, however, limit initial acceptance of silverleaf 

phacelia in the horticultural market. 

 The aim of this study was to gain a better understanding of the seed dormancy 

release requirements and to increase the cumulative germination percentage of silverleaf 

phacelia. This was achieved through identification of the seed dormancy class, level, and 

type, along with identification of methods for seed dormancy release.  

 

Materials and Methods 

 

 Seeds of silverleaf phacelia were collected in late August of 2013 at the U.S. 

Department of Agriculture Natural Resources Conservation Service, Bridger Plant 

Material Center (45⁰17'11.42" N, 108⁰53'11.13" W) at an elevation of 1118 meters. The 

collection site was a study site used by Keating (2014). Seeds varied in maturity at 

collection date due to indeterminate flowering and seed shattering upon maturity. 

Capsules of a light to dark brown color were harvested by removing filled flower heads 



56 

 

from peduncles before the flower heads dehisced and shattered. Seeds were cleaned 

through a series of different sized screens and chaff was separated from seed using a 

South Dakota Seed Blower (Keating 2014). Seeds were exposed to different storage 

conditions over a period of four months from August to January 2014, after which they 

were stored at 5±1⁰C in paper envelopes for a period of one year (Keating personal 

comm. 2014).  

 Initial tetrazolium chloride (TZ) tests for seed viability were conducted, following 

the TZ Seed Testing Handbook protocols from the Association of Official Seed Analysts 

(ASOCA). Tests were conducted in January, 2014 after 12 months of storage and 

included 4 replicates of 100 seeds that were imbibed overnight in dH2O, and bisected 

longitudinally but left intact. Intact seeds were placed in a glass dish in 5 mL of 1% 2, 3, 

5-triphenyltetrazolium chloride solution and incubated in the dark at 35⁰C for 24 hours. 

Dissected seed embryos were then examined under magnification at 10x. Missing, 

unstained, or all or partially black or yellow stained embryos were considered unviable. 

Embryos stained red to dark orange were considered viable (ASOCA, 1993). 

 A total of six seed germination experiments and one seed structure identification 

experiment were completed to classify level and type of seed dormancy and identify 

successful treatments to increase the final germination percentage of silverleaf phacelia. 

Unless otherwise noted all experiments followed general methods for seed germination 

with steps 1 through 7: 1) random selection of seeds, 2) surface sterilization of seeds 

utilizing a soak in a 15% bleach and deionized water solution for 10 minutes, 3) 

sterilization of germination container (cut comb honey container - 4-5/16” x 4-5/16” x 1-
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3/8” © Pioneer Plastics Inc.) via bleach wash, 4) blue blotter paper sterilized for 15 

minutes in an autoclave 5) surface sterilized seeds placed on blue blotter paper, 6) blue 

blotter paper moistened with deionized water or a growth regulator solution, and, 7) after 

the initial treatment, germination containers were moistened with deionized water as 

needed . 

 Experiments were designed as a complete factorial experiment with 4 replicates.  

Germinated seeds (radicle ≥ 1mm) were counted daily for 19 days (unless otherwise 

noted) which is when final germination percentage reached 80% or greater in the 

majority of treatments. After each count, seedlings were planted and growth was 

examined separately until normal primary leaf development occurred. At the end of the 

experiment, a TZ test was completed and non-viable seeds were not considered when 

calculating the final germination percentage. Data was analyzed using a generalized 

linear model (PROC GLM, SAS University Edition 9.3) with a repeated measures 

statement to account for the correlation between germination measurements over time. 

Where only one factor was examined, data was analyzed using a one-way analysis of 

variance (PROC ANOVA, SAS University Edition 9.3). Means were examined utilizing 

the least-square means, and all pair-wise combinations of all factors and levels were then 

examined with Tukey Kramer HSD at α=0.05 significance level (LSMEANS, TUKEY 

ADJUST SAS University Edition 9.3).  
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Experiments to Classify Dormancy 

 

 Seed Structure Identification. The seed classification system of Martins (1964), 

revised by Baskin and Baskin (2007), was used to classify the size and structure of the 

seed (Forbis et al., 2002; Finch-Savage and Leubner-Metzger, 2006; Baskin and Baskin 

2007).    

 

 Experiment 1: Imbibition. To examine water uptake by intact seeds, imbibition 

was measured. Four replicates of 25 randomly selected seeds were nicked with a scalpel. 

The seed coats of an additional four replicates of 25 randomly selected seeds remained 

intact. The initial dry mass (Wn) was measured in grams using a Mettler Toledo AG104 

balance. After determining the average for initial mass (g), seeds were imbibed. At 5, 10, 

15, 30, 45, 60, 90 and 1080 minutes, samples were taken out and the imbibed tissue was 

weighed (Wi); increase in fresh weight after imbibition was calculated using the formula 

[(Wi- Wn)/Wn] x 100.  

 

 Experiment 2: Excised Embryos. To determine whether excised embryos could 

germinate, four replicates of 25 seeds each were randomly selected, and the embryo was 

excised from the seed coat under a dissecting microscope using tweezers and a scalpel. 

Excised embryos were then placed in germination containers at 21±2⁰C, under ambient 

laboratory lighting. Germinated embryos were counted daily for 6 days. 

 

 Experiment 3: Gibberellic Acid (GA). To examine the effect of GA on 

germination, four replicates of 200 seeds each were randomly selected, and separately 
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exposed to four concentrations of GA at 0 (control), 250, 500, 750, or 1000 mg/L. Seeds 

were then placed in germination containers at 21± 2⁰C, under ambient laboratory 

lighting. Germinated seeds were counted daily for 19 days. 

 

 Experiment 4: Cold: Moist & Warm: Moist Stratification. To examine the effect 

of cold: moist or warm: moist stratification, four replicates of 100 seeds were randomly 

selected, separately exposed to warm: moist stratification (WS) of 34± 1⁰C for 8 days or 

cold: moist stratification (CS) of 4± 1⁰C for 8 days, and control was incubated under an 

identical moist treatment, with a different temperature of 21± 2⁰C, for a period of 8 days 

(control). Germinated seeds were counted daily for 19 days. Although a longer period of 

cold: moist stratification was not tested, a longer period of colder stratification was 

predicted to decrease seed viability and final germination percentage through the 

increased likelihood of entering conditional dormancy and increased mold growth.   

 

 Experiment 5: Mechanical Scarification & Stratification. Utilizing a mechanical 

seed scarifier (Seedburo Electric Seed Scarifier) with 40 grit sandpaper, four replicates of 

200 seeds were randomly selected and scarified for 0, 90, 180, 270, or 360 seconds. 

Seeds were then exposed to cold: moist stratification at 4±1⁰C for 0, 3, 5, and 8 days. 

Germinated seeds were counted daily for 19 days.  

 

 Experiment 6: Mechanical Scarification & Sandpaper Age. Utilizing a mechanical 

seed scarifier (Seedburo Electric Seed Scarifier) four replicates of 200 seeds were 

randomly selected and scarified at times of 0, 90, 180, 270 and 360 seconds, utilizing 

either older, worn 40 grit sandpaper, or new, unused 40 grit sandpaper. Seeds were then 
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germinated at 21± 2⁰C, under ambient laboratory lighting. Germinated seeds were 

counted daily for 19 days. Final germination percentage, the number of days till 50% of 

the final germination percentage (T50), and the number of days between 10% and 90% of 

the final germination percentage (T90) were calculated for this experiment as this 

treatment yielded the most successful results.  

 

Results 

 

Based on the initial TZ testing, the % viability from 4 replicates of 25 seeds per 

replicate was at a mean pure live seed (PLS) % of 81%.  

 

Experiments to Classify Dormancy 

 

 Seed Structure ID. The revised seed classification system of Martins (1946) 

identified the structure of the seed and the shape of the embryo as linear axile, fully 

developed, with endosperm present (Forbis et al. 2002). 

 

 Experiment 1: Imbibition. Fresh weight of all seeds after imbibition significantly 

increased in mass at all time periods (5, 10, 15, 30, 45, 60, 90 and 1080 minutes) 

compared to the unimbibed control for both scarified and unscarified seeds (Figure 4.1). 

Scarified seeds had a significantly greater mass than unscarified seeds at time periods of 

15, 30, and 45 minutes. However, at 5 minutes, 60 minutes, and 1080 minutes the two 

treatments were very similar. 
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Figure 4.1. Effect of seed imbibition time (minutes) and scarification on increase (%) in 

mass (g) of seeds. Blue symbols represent means for mass (g) of scarified seeds. Red 

symbols represent means for mass (g) of unscarified seeds. Error bars indicate 95% 

confidence at the 0.05 significance level. 

 

 

 Experiment 2: Excised Embryos. Excised embryos had a final germination 

percentage of 100% by six days after TZ testing (Figure 4.2). Embryos exhibited normal 

development of radicle and cotyledons. Normal development of the first primary leaf was 

also exhibited by all surviving embryos. 
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Figure 4.2. Final germination percentage of excised embryos after six days of incubation 

in ambient laboratory conditions at 21 ± 1⁰C. Circles indicate means and error bars 

indicate the standard error. 

 

 

 Experiment 3: Gibberellic Acid (GA). Treatment with GA (mg/L) produced a 

significant increase in final germination percentage at all application levels of GA (250, 

500, 750, 1000 mg/L) compared to the control level of 0 mg/L (Figure 4.3) (Table 4.1 

APPENDIX E). Although not tested in this experiment, additional tests should explore 

whether the response in final germination percentage would continue to increase, reach a 

peak and decrease, with exposure to progressively higher levels of GA. 
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Figure 4.3. Effect of gibberellic acid (GA mg/L) on final germination percentage. 

ANOVA analysis with F=78.78, P=<.0001. Circles indicate means and error bars indicate 

95% confidence at the 0.05 level. 

 

 

 Experiment 4: Cold: Moist & Warm: Moist Stratification. Cold: moist 

stratification (CS) resulted in the highest final germination percentage (11% ± 1.4%) 

which was significantly higher than final germination percentage at warm: moist 

stratification (WS) (2.3% ± 1%) (Figure 4.4) (Table 4.2 APPENDIX E). However, there 

was no significant difference in final germination percentage between the control (8.7% ± 

1.7%) and the CS stratification treatment (Table 4.2 APPENDIX E).  Cold: moist 

stratification delayed germination compared to no stratification treatment. Although a 

longer period of cold: moist stratification was not tested, results from 3, 5, and 8 days of 
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cold: moist stratification indicated that a longer period of cold: moist stratification may 

decrease seed viability with no significant positive effect on final germination percentage. 
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Figure 4.4. Effect of stratification temperature on final germination percentage. ANOVA 

analysis with F=42.47, P=<.0001. Circles indicate means and error bars indicate 95% 

confidence at the 0.05 level. 

   

 Experiment 5: Mechanical Scarification & Stratification. All levels of 

scarification (90, 180, 270, 360 seconds) significantly increased final germination 

percentage compared to the control (0 seconds) Figure 4.5) (Table 4.3 APPENDIX E). 

Scarification times beyond 90 seconds did not indicate a strongly significant 

improvement in final germination percentage. The addition of post-scarification cold: 

moist stratification at 4 ± 1⁰C for 3, 5, and 8 days did not significantly increase % final 
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germination compared to the scarified, non-stratified control at 0 days (Table 4.3 

APPENDIX E).  
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Figure 4.5. Effect of mechanical scarification on final germination percentage. ANOVA 

analysis for scarification with F=35.07, P=<.0001. Circles indicate means and error bars 

indicate 95% confidence at the 0.05 significance level. 

 

 

 Experiment 6: Mechanical Scarification & Sandpaper Age. Scarification time at 

90, 180, 270, and 360 seconds significantly increased % final germination compared to 

the control (0 seconds of scarification) (Figure 4.6). Scarification times beyond 90 

seconds did not result in a strongly significant improvement in final germination 

percentage. The new 40 grit sandpaper significantly increased final germination 
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percentage compared to the worn 40 grit sandpaper (Figure 4.7) (Table 4.4 APPENDIX 

E).   
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Figure 4.6. Effect of mechanical scarification with cold: moist stratification on final 

germination percentage. ANOVA analysis with F=45.31, P=<.0001. Circles indicate 

least-square means and error bars indicate 95% confidence at the 0.05 significance level. 
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Figure 4.7. Effect of sandpaper age with mechanical scarification on final germination 

percentage. ANOVA analysis with F=25.68, P=<.0001. Blue circles indicate means for 

new 40 grit sandpaper. Red squares indicate means for old 40 grit sandpaper.  Error bars 

indicate 95% confidence at the 0.05 significance level. 

 

 

 Upon examination of the time to 50% final germination (T50) with the data 

combined across sandpaper treatments, rate of germination increased with scarification 

time with at least 90 seconds of scarification, as exhibited by decreased T50 values. The 

lack of a significant effect between the two sandpaper treatments on T50 shows that 

although new sandpaper significantly increases final germination percentage compared to 

old sandpaper, there is no difference in the rate of germination between new and worn 

sandpaper. There was no significant difference in rate between seeds scarified by old 

versus new sandpaper (Figure 4.8) (Table 4.5 APPENDIX E). Also, longer scarification 
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times of 180, 270, and 360 seconds did not significantly improve the rate of germination 

compared to 90 seconds.  
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Figure 4.8. Effect of scarification with new and old sandpaper on time (days) to 50% 

germination (T50). ANOVA analysis with F=40.11, P=<.0001, Circles indicate means at 

scarification times (seconds) and error bars indicate 95% confidence at the 0.05 level. 

 

 

 Upon examination of the time interval between 10% and 90% final germination 

(T90) with results from the new and worn 40 grit sandpaper, rate of germination 

increased with at least 90 seconds of scarification. Longer scarification times of 180, 270 

and 360 seconds slightly increased rate of germination compared to 90 seconds. (Figure 
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4.9)(Table 4.6 APPENDIX E). At 90 seconds of scarification new sandpaper significantly 

increased rate of germination (T90) compared to worn sandpaper. 
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Figure 4.9. Effect of scarification with new and worn sandpaper on time (days) between 

10% and 90% final germination (T90). ANOVA analysis for sandpaper age (old and 

new) with F=14.31, P=0.0007. ANOVA analysis for scarification with F=6.24, P=0.0009. 

Blue circles indicate means for new sandpaper. Red squares indicate means for worn 

sandpaper. Error bars indicate 95% confidence at the 0.05 significance level. 

 

 

 These results suggest that germination of silverleaf phacelia may be increased by 

mechanical scarification for at least 90 seconds. Warm: moist stratification inhibits 

germination and cold: moist stratification does not significantly increase final 

germination percentage. Newer sandpaper utilized for the scarification process may 
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increase rate of germination. Additional studies examining the effect of scarification and 

moist stratification on freshly collected and harvested seeds could prove valuable. 

 

Discussion 

 

 

Seed Dormancy Classification Process 

 The classification of seed dormancy is difficult, as dormancy status is 

continuously changing with time. This is of particular importance to this study because 

the seeds utilized in this study were exposed to a pre-treatment of 1 year of after-ripening 

(dry storage) at 5±1⁰C. After-ripening is considered a dormancy-release mechanism for 

seeds exhibiting non-deep physiological dormancy. As such, it should be noted that the 

dormancy-release treatment of scarification utilized within this study was preceded by a 

pretreatment of after-ripening at 5±1⁰C for one year. The effect of after-ripening on 

germination in this study is not known. 

 

 Nondeep Physiological Dormancy. Silverleaf phacelia seeds displayed nondeep 

physiological dormancy type 1, 2, and type 5.   

 The occurrence of type 1 nondeep physiological dormancy, which occurs when 

excised embryos result in normal seedlings, was supported as all embryos germinated and  

exhibited normal growth and development.  

 Upon examination of type 2, which occurs when GA promotes germination, 

evidence was provided that GA promoted germination, however final germination 

percentage was < 20%, thus GA does not appear to be a strong dormancy release 

mechanism.  
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 In exploration of type 3, which is present when cold or warm stratification breaks 

dormancy, the occurrence of low germination percentages of < 12% with cold: moist 

stratification and < 2% with warm: moist stratification did not provide evidence that 

stratification is a dormancy-breaking treatment. Although a longer time period of cold: 

moist stratification was not tested, results indicate a longer time period may result in 

decreased seed viability and % final germination through the increased likelihood of 

entering conditional dormancy and increased mold growth. 

 The occurrence of type 4, which occurs when after-ripening promotes 

germination, may be an important part of the seed physiology of silverleaf phacelia; 

however, this was not examined in this project. Research suggests that this may be an 

important part of the dormancy-release process in other seeds exhibiting characteristics 

similar to silverleaf phacelia (Baskin and Baskin 2006). 

 The occurrence of type 5, which occurs when a treatment of scarification 

promotes germination, was supported as a % final germination of > 50% was achieved by 

day 4 and > 80% by day 19.  

 

 Intermediate Physiological Dormancy. Silverleaf phacelia seeds displayed 

intermediate physiological dormancy type 1 and type 2, however type 4 could not be 

examined as all seeds experienced after-ripening.  

 The occurrence of intermediate physiological dormancy type 1, present when 

excised embryos germinate and produce normal seedlings, was met, as 100% of embryos 

of silverleaf phacelia resulted in normal seedlings. 
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 The occurrence of type 2, which is present when GA promotes germination, was 

weakly met, as GA promoted germination by about 10% compared to no GA.  

 The occurrence of type 3, which is present when seeds require 2 to 3 months of 

cold: moist stratification to break dormancy was not met. Cold: moist stratification 

resulted in a delay in germination and thus did not significantly increase % final 

germination. Although a longer period of cold: moist stratification was not tested, results 

from 3, 5, and 8 days of cold: moist stratification indicated that a longer period of cold: 

moist stratification may decrease seed viability and have no significant positive effect on 

final germination percentage. 

 The occurrence of type 4, when dry storage shortens the cold: moist stratification 

period required to release dormancy, appears unlikely, as cold: moist stratification 

delayed germination. However, as all seeds were in dry storage (after-ripening) for 12 

months with no control for comparison, the results are inconclusive. 

 

 Deep Physiological Dormancy. Seeds of silverleaf phacelia did not display any 

indications of deep physiological dormancy. 

 The occurrence of type 1, which is present when excised embryos grow 

abnormally, was not met, as all excised embryos germinated. 

 The occurrence of type 2, which is present when GA does not promote 

germination, was not met, as GA promoted germination by about 10% compared to no 

GA. 

 The occurrence of type 3, which is present when seeds require 3 to 4 months of 

cold: moist stratification to break dormancy was not met, as results from a shorter period 
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of cold: moist did not significantly increase final germination percentage Although a 

longer period of cold: moist stratification was not tested, results from 3, 5, and 8 days of 

cold: moist stratification indicated that a longer period of cold: moist stratification may 

decrease seed viability and have no significant positive effect on final germination 

percentage. 

 

 Physical, Morphological and Morphophysiological Dormancy. The ability of 

silverleaf phacelia to uptake water with an intact seed coat is not indicative of a seed with 

physical dormancy. As silverleaf phacelia has a non-dwarf size embryo with cotyledons 

and endosperm present, its seed structure does not fit the characteristics of seeds which 

exhibit morphological and or morphophysiological dormancy.  

 Morphological and morphophysiological seed dormancy classes are characterized 

by a small embryo to endosperm ratio and an underdeveloped embryo. Based on the seed 

size, structure, the fully developed stage of the embryo, and the permeability of the seed 

coat to water, silverleaf phacelia falls explicitly under the class of physiological seed 

dormancy.  

 

Conclusion 

 

 Silverleaf phacelia displays nondeep physiological dormancy, with dormancy 

breaking occurring after scarification (Finch-Savage and Leubner-Metzger 2006). The 

purpose of addressing nondeep physiological dormancy of silverleaf phacelia seeds with 

scarification is to address the resistance of the seed coat, which provides enough 

resistance to prevent the protrusion of the radicle. When mechanical scarification was 
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provided for at least 90 seconds with new sandpaper, a final germination of 87% ± 5% 

was achieved in 4 days. Upon examination of the classification of silverleaf phacelia seed 

dormancy to the specific level and type of dormancy, nondeep physiological dormancy, 

types 1, 2, and 5, and intermediate dormancy types 1 and 2, were indicated. For 

propagation purposes, addressing seed dormancy-release requirements of nondeep 

physiological dormancy type 5 would be the most effective method to break seed 

dormancy. The effect of after-ripening (nondeep physiological dormancy type 4) could 

not be studied as seeds received a pretreatment of 1 year of after-ripening before seed 

experiments began. Further studies should be completed to test the effect of after-

ripening and scarification on newly harvested seeds. 
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CHAPTER 5 

 

GREENHOUSE PROPAGATION OF SILVERLEAF PHACELIA 

 

Abstract 

 

 The objective of this study was to evaluate greenhouse cultural treatments on the 

production of silverleaf phacelia (Phacelia hastata var. hastata). Upon plug 

establishment, seedlings were transplanted into 4-inch square pots or Cone-tainer cells 

and fertilized with 0, 50, 100, 200, and 400 mg of nitrogen / L of 20N-10P-20 K 

synthetic, water-soluble fertilizer. Fertilizer rates of 50 to 200 mg nitrogen/L resulted in 

increased shoot growth based on shoot dry weight (SDW), plant height, and plant spread 

measurements.  Overwhelmingly, based on SDW, RDW, plant height and plant spread 

measurements; the 4-inch square pot was superior to the Cone-tainer for production of 

silverleaf phacelia in the greenhouse.  

 

Introduction 

 

 Silverleaf phacelia, also known as silverleaf scorpionweed (Phacelia hastata var. 

hastata) is an Intermountain West native perennial plant species in the waterleaf family 

(Hydrophyllaceae) which may be a valuable restoration species and also a valuable native 

perennial wildflower for the Montana floriculture industry. 

 Utilizing native plant material for restoration purposes has become increasingly 

important as environmental degradation and instability has been rapidly occurring 

(Clewell and Aronson 2013). Rehabilitation of disturbed areas due to spoils from 
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abandoned mine sites is a challenge for land management agencies. Increased drought 

and fire occurrence in arid and semi-arid regions may increase the need for native plant 

material for revegetation and restoration purposes (Westerling et al. 2006). In a survey of 

the Colorado green industry, respondents agreed that they believe the native plant market 

will continue to grow with increasing concerns over water conservation issues (Potts et 

al. 2002). 

 With the passage of the National Environmental Policy Act (NEPA) in 1969, the 

Native Plant Conservation Initiative National Strategy in 1995, and the establishment of 

the Federal Interagency Native Plant Material (NPM) Development Committee in 2000 

(USDA and USDI 2002), revegetation policies have increasingly focused on utilizing and 

producing locally adapted and genetically compatible native plant material for restoration 

purposes (Richards et al. 1998; Potts et al. 2002; Beyers 2004).  

 Silverleaf phacelia is an early colonizer species after fire disturbances and is able 

to establish and thrive in extremely arid regions (Major and Rejmanek 1982; Winslow 

2005). Additionally, Smyth (1997) and Schladweiler (2005) noted silverleaf phacelia 

established on sites contaminated by mining wastes, such as abandoned coal mine spoils. 

Silverleaf phacelia is a valuable species for restoration and revegetation activities due to 

the following characteristics: it colonizes after fire disturbance, has a mid to high 

establishment success, is drought tolerant, and survives on sub-par soils (Smyth 1997; 

Schladweiler 2005; USDA 2014). 

  In addition to utilization for restoration, silverleaf phacelia may be of 

horticultural value due to its aesthetically pleasing inflorescence, which is also an 
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important source of pollen. Although demand for native plants exists, production is often 

costly. Yue (2011) found that on average, a non-native or invasive plant had an average 

discount per plant of $0.66 to $1.33 compared to a native plant. Despite the extra cost, 

92% of survey respondents were willing to pay a $0.35 premium per plant, for plants 

labelled as native species vs. those labelled as non-native or invasive (Yue et al. 2011).  

 However, a lack of availability of locally adapted plant material is still reported as 

a topmost concern in the development of the native plant market (Potts et al. 2002; 

Beyers 2004; Peppins et al. 2010). Lack of availability may be partly due to the difficulty 

of producing some native species (Potts et al. 2002; Beyers 2004). Propagation 

requirements of many native plant species including silverleaf phacelia are unknown 

(Potts et al. 2002). Further research is needed to establish greenhouse growth protocols 

for propagation of silverleaf phacelia. The objective of this project was to determine 

suitable greenhouse propagation fertilizer rate (mg nitrogen/L) and container type 

requirements for silverleaf phacelia. 

 

Materials and Methods 

 

 Silverleaf phacelia seeds were germinated in a germination box (4-5/16”x 4-5/16” 

x 1-3/8” © Pioneer Plastics Inc.) containing sterile blue blotter paper and after successful 

germination seeds were transplanted into 150 cell plug trays (4.5 cm x 4.5 cm cells) in 

Sunshine Mix 1 (Sun Gro Horticulture ™) and grown to the cotyledon stage. Twenty 

nine days after sowing, cotyledons which exhibited their first true primary leafs were then 

transplanted into one of two types of growth containers; a 4-inch pot (670 ml) and a Ray 
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Leach Cone-tainer ™ (164 ml), filled with Sunshine Mix #1. Plants were irrigated by 

hand one time per week with 20-10-20 NPK water-soluble fertilizer (Peat-Lite Special, 

Jack’s Professional ™) at rates of 0, 50, 100, 200 and 400 mg of nitrogen/L. Nitrogen test 

rates reflect common application rates for bedding plants in the commercial industry. 

Although highly dependent on species, growth stage, and other production protocols, 

common fertilizer rates for bedding plants such as impatiens and pansy may be utilizing 

20-10-20 NPK at 50 to 250 mg/L of nitrogen and potassium (Bailey 1996). However 

bedding plants which may require heavy fertilization, such as begonia and verbena, may 

require use of higher amounts of fertilizer, such as 20-10-20 NPK at 200 to 400 mg/L of 

nitrogen and potassium (Bailey et al. 1996). Every fourth irrigation cycle, plants were 

irrigated with water with a leaching percentage (the percentage of irrigation solution that 

drains from the container after irrigation) of 10 to 15% per container. Plant height and 

plant spread was measured one time per week (mm) using a digital caliper. Flowering 

incidence was measured throughout the experiment once per week at the same time plant 

measurements were taken.  The characteristic of flowering was determined by the 

existence of a flowering bud which has broken and opened, displaying flower petals. The 

incidence of flowering was measured per treatment level from start to end of the 

experiment. 

   Fourteen replicates of each combined treatment of container type and nitrogen 

rate was completely randomized on a greenhouse bench, with mean ambient air 

temperature at 30/21
⁰
C day/night and no supplemental lighting. The experiment was 

initiated in June 2014 and continued for a total of 71 days, at which point in time plants 
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were flowering and large enough to be marketable. Average day length from June 2014 

to August 2014 ranged from 14 hr. 24 min to 17 hr. 9 min. After 71 days in the 

greenhouse, plant shoots were separated from roots, roots were washed, and shoots and 

roots were immediately dried in paper bags at 54⁰C for 48 hrs. The shoot dry weight 

(SDW) and root dry weight (RDW) were determined. 

 The experiment was designed as a randomized two way factorial experiment with 

2 container types and 5 fertilizer rates. The repetition of the measurements was analyzed 

between and within 6 time periods (weeks) through the REPEATED statement in PROC 

GLM (SAS University Ed. 9.11). Pairwise combinations were examined utilizing Tukey-

Kramer HSD test with a significant level of α=0.05. 

 

Results 

  

 Results from plant height measurements (mm) indicate that silverleaf phacelia 

increases in growth with increasing rates of fertilizer in both containers (Figure 1)( Table 

5.1 APPENDIX F). In both container types, plant height measurements doubled with just 

50 mg nitrogen/L, compared to the control (0 mg nitrogen/L). At higher rates of 200 to 

400 mg nitrogen/L, plant height in the 4-inch square pots almost doubled compared to the 

Cone-tainer (Figure 5.1). These results showed a significant two-way interaction between 

container type and fertilizer, with the greatest positive growth exhibited by plant height 

measurements occurred in the 4-inch square pot at 200 to 400 mg nitrogen/L.  
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Figure 5.1. Effect of container type and fertilizer levels on plant height. ANOVA analysis 

F=3.69, P=0.007. Blue symbols indicate means for Cone-tainer (cone). Red symbols 

indicate means for the 4-inch square pot (pot). Upward triangles and error bars indicate 0 

mg nitrogen/L. Downward triangles indicate 50 mg nitrogen/L. Circles indicate 100 mg 

nitrogen/L. Squares indicate 200 mg nitrogen/L. Diamonds indicate 400 mg nitrogen/L. 

Error bars indicate 95% confidence at the 0.05 significance level.  

 

 

 This significant difference in plant height between container types occurred by the 

fourth week, at which time flowering, which was included in the plant height 

measurements, was occurring. Flowering incidence increased with greater nitrogen rates 

and was greatest at 400 mg nitrogen/L in both containers. Flowering incidence was 

greatest at 400 mg nitrogen/L in the 4-inch square pot compared to the Cone-tainer 

(Figure 5.2) (Table 5.2 APPENDIX F). These results show a significant two-way 
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interaction between container type and fertilizer on flowering incidence, displaying that 

plant maturity based on flowering occurrence and shoot growth, when utilizing 200 to 

400 mg nitrogen/L, was reached more quickly in the 4-inch square pot versus the Cone-

tainer. 
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Figure 5.2. Effect of container type and fertilizer levels on flowering incidence. ANOVA 

analysis with F=3.46, P=0.0101. Blue symbols indicate mean occurrence in the Cone-

tainer (cone). Red symbols indicate mean occurrence in the 4-inch square pot (pot).  

Upward triangles indicate 0 mg nitrogen/L. Downward triangles indicate 50 mg 

nitrogen/L. Circles indicate 100 mg nitrogen/L. Squares indicate 200 mg nitrogen/L. 

Diamonds indicate fertilizer level of 400 mg nitrogen/L. Error bars indicate 95% 

confidence at the 0.05 significance level.  

 

 Results from plant spread measurements (mm) indicates that silverleaf phacelia 

increases in growth with increasing rates of nitrogen in both the 4-inch square pot and the 
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Cone-tainer (Figure 5.3) (Table 5.3 APPENDIX F). In both container types, plant spread 

measurements almost tripled with just 50 mg nitrogen/L of fertilizer, compared to the 

control. Plant spread increased successively with increasing nitrogen concentration in the 

4-inch square pot, however in the Cone-tainer plant spread measurements successively 

increased between 100 and 200 mg nitrogen/L, but there was no significant difference in 

plant spread between 50 and 100 mg nitrogen/L and 200 and 400 mg nitrogen/L.  Results 

display a significant interaction in plant spread between container type and fertilizer as 

plant spread in the 4-inch square pot significantly exceeded spread in the Cone-tainer at 

higher nitrogen levels. 
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Figure 5.3. Effect of container type and fertilizer on plant spread. ANOVA analysis 

F=2.61, P=0.0387. Blue symbols indicate means for Cone-tainer (cone). Red symbols 

indicate means for the 4-inch square pot (pot). Upward triangles indicate 0 mg 

nitrogen/L. Downward triangles indicate 50 mg nitrogen/L. Circles indicate 100 mg 

nitrogen/L. Squares indicate 200 mg nitrogen/L. Diamonds indicate 400 mg nitrogen/L. 

Error bars indicate 95% confidence at the 0.05 significance level.  
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 In both container types shoot dry weight (SDW) significantly increased with 

increasing levels of nitrogen. In the 4-inch square pot there was no significant difference 

between 200 and 400 mg nitrogen/L (Figure 5.4)(Table 5.4 APPENDIX F). In the Cone-

tainer, SDW increased with increasing levels of nitrogen. There was no significant 

difference between 50 and 100 mg nitrogen/L (Figure 5.4)(Table 5.4 APPENDIX F). 

Also SDW in the Cone-tainer significantly decreased at 400 mg nitrogen/L compared to 

200 mg nitrogen/L. Results exhibit increased SDW with increasing levels of nitrogen in 

both container types; however, a significant two-way interaction between container type 

and fertilizer as in the 4-inch square pot there was a greater significant increase in SDW 

between increasing levels of nitrogen, compared to the Cone-tainer.  
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Figure 5.4. Effect of container type and fertilizer on shoot dry weight (SDW). ANOVA 

analysis with F=10, P=<0.0001. Blue diamonds indicate means for Cone-tainer (cone).  

Red circles indicate means for the 4-inch square pot (pot). Error bars indicate 95% 

confidence at the 0.05 significance level.  
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 Similarly, root dry weight (RDW) in both container types significantly increased 

with increasing levels of nitrogen. In the 4-inch square pot there was no significant 

difference between 100 and 200 mg nitrogen/L and between 200 and 400 mg nitrogen/L 

(Figure 5.5)(Table 5.5 APPENDIX F). In the Cone-tainer, RDW increased there was no 

significant difference in increased RDW between 50, 100, 200 and 400 mg nitrogen/L 

(Figure 5.5)(Table 5.5 APPENDIX F). Also RDW in both container types, especially in 

the Cone-tainer, slightly decreased at 400 mg nitrogen/L. Results demonstrate a 

significant two-way interaction between container type and fertilizer for RDW, as RDW 

significantly doubled in the 4-inch square pot compared to the Cone-tainer.  
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Figure 5.5. Effect of container type and fertilizer on root dry weight (RDW). ANOVA 

analysis with F=3.19, P=0.0154. Blue diamonds indicate means for Cone-tainer (cone). 

Red circles indicate means for the 4-inch square pot (pot). Error bars indicate 95% 

confidence at the 0.05 significance level.  
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 The RDW and SDW graphically depicted as a root-to-shoot ratio showed declined 

root mass with higher levels of nitrogen, resulting in decreased root-to-shoot values, 

especially at fertilizer rates greater than 100 mg nitrogen/L (Figure 5.6)(Table 5.6 

APPENDIX F). The root-to-shoot ratio was not significantly different between container 

types (Figure 5.6)(Table 5.6 APPENDIX F). Results for the root-to-shoot ratio exhibit a 

shared response for both container types of a reduction in root-to-shoot ratio with 

increasing nitrogen rates. 
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Figure 5.6. Effect of fertilizer on root-to-shoot ratio (g/g). ANOVA analysis with 

F=14.68, P=<0.0001. Blue diamonds indicate means for both container types (4-inch 

square pot & Cone-tainer). Error bars indicate 95% confidence at the 0.05 significance 

level. 
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Discussion 

 

 In discussion on the effect of fertilize on silverleaf phacelia, increasing the 

concentration of fertilizer showed a significant increase in plant height, plant spread, 

flowering incidence, shoot dry weight, and root dry weight, compared to the control. This 

positive growth response to increased nitrogen rates is expected as fertilizer is utilized to 

push growth rates in plant nurseries (Wilkinson et al. 2014). Silverleaf phacelia, although 

small-seeded and more likely to expend stored nutrients soon after germination, grew 

quickly, compared to other native wildflowers which may have production schedules as 

long as 2 to 3 years (Landis and Simonich 1984).  

 Increased nitrogen rates also displayed a slightly reduced RDW and a significant 

reduction in the root-to-shoot ratio in silverleaf phacelia for both container types. The 

reduction in RDW and significant decline in root-to-shoot values with increasing nitrogen 

levels is an expected response in greenhouse production of containerized plants. Landis 

and Simonich (1984) reported that although synthetic fertilizers allow growers to quickly 

produce plants to a desired growth rate for the nursery culture, beyond a certain point too 

much fertilizer causes plant growth to decrease and may become detrimental.  

 Fertilizer levels above 50 mg nitrogen/L may result in reduced root mass for 

silverleaf phacelia as with increased nutrient availability; less energy is invested into 

increasing root size. Fertilizer levels above 50 mg nitrogen/L may also result in a reduced 

root-to-shoot ratio with increased nutrient availability as instead of investing nutrients in 

increased shoot and root mass, more nutrients are utilized for increased shoot mass rather 
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than root mass.  Reduced root mass in conjunction with a larger shoot may be detrimental 

for transplantation (Wilkinson et al. 2014). 

 In discussion of the effect of container type on silverleaf phacelia, a greater 

positive growth response for plant height, spread, flowering incidence, shoot dry weight, 

and root dry weight was shown in the 4-inch square pot compared to the Cone-tainer. 

Container volume, height, diameter, shape, drainage, and root-pruning characteristics all 

help to predict plant quality. Volume dictates how large the plant may be grown, height 

helps to determine root plug depth, diameter is important for the specific species being 

grown, and shape is important for root features of species being grown (Wilkinson et al. 

2014). The 4-inch square pot has a broader shape and about triple the amount of soil 

volume as the Cone-tainer. However, the Cone-tainer is deeper with root pruning features 

and increased drainage. Silverleaf phacelia displayed almost a tripled value of shoot 

growth in the 4-inch square pot compared to the Cone-tainer; this may be attributed to the 

almost tripled amount of soil volume in the 4-inch square pot compared to the Cone-

tainer. 

 In discussion of the effect of a significant interaction between container type and 

fertilizer for silverleaf phacelia, plant height, spread, flowering incidence, shoot dry 

weight, and root dry weight showed an increased positive response at higher nitrogen 

rates in the 4-inch square pot compared to the Cone-tainer. This may be due to the more 

spreading, fiberous root system of silverleaf phacelia fitting better into the broader shape 

of the 4-inch square pot compared to the narrower and deeper shape Cone-tainer. The 4-

inch square pot also had a greater size and soil volume, with increased growth correlated 
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with increased nitrogen levels, the greater soil volume in the 4-inch square pot resulted in 

an increased positive growth response compared to the Cone-tainer. 

 

Conclusion 

 

 Silver-leaf phacelia is a versatile and hardy native plant species, with the ability to 

respond positively to less costly greenhouse production protocols such as; low 

application rates of nitrogen, standardized pot configuration, and a relatively quick 

greenhouse production schedule of about 32 days to produce flowering plants in typical 

greenhouse propagation conditions. In summary, silver-leaf phacelia has a high 

ornamental and conservational value, and with limited additional research, may be ready 

for commercial production. Suggested propagation experiments include may examination 

of different media types and vernalization periods to improve outplanting success or 

bloom period. 
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CHAPTER 6 

 

 

MONTANA NATIVE PLANT MARKET SURVEY 

 

Abstract 

 

 The need for native plant products has increased within the last thirty years. 

Native plants may provide increased ecological stability, control pests and pathogens on 

agricultural crop blocks, reduce consumption of non-renewable resources, and reduce 

herbicide use. Commercial availability of many native plants is limited and the reasons 

for this limitation differ from region to region. The native plant material being grown and 

sold locally could significantly increase in-state revenue and potentially increase the 

development of a new niche market within the Montana horticultural industry. To assess 

market potential, it is imperative that we determine the role native plant material may 

have in Montana’s horticultural industry. The objective of this study was to survey 30 

Montana native plant nurseries or growers to better understand how Montana green 

industry professionals view the challenges, successes, and future projection of the 

Montana native plant market. 

 

Introduction 

 

 The demand for native plants has grown as a result of policy changes within the 

federal government, among state agencies, and within private organizations, as well as 

increased consumer awareness of the importance of locally adapted, native plant material, 

(Richards et al. 1998; Tamimi 1999; National Wildlife Federation 2007; Peppin et al. 
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2010; Kauth and Perez 2011). The federal government has completed major expenditures 

on native plant material (Peppin et al. 2010). In 2006 alone, the Bureau of Land 

Management (BLM) nationally spent a total of $270,000 and the BLM nationally spent a 

total of $151,000 on native plant material (Beyers 2004; Peppin et al. 2010). The majority 

of this native plant material was used for ecological restoration and burn area 

rehabilitation (Peppin et al. 2010).  

 Federal land management agencies, such as the United States Forest Service 

(USFS) and BLM, are obligated to provide restoration and rehabilitation measures, 

utilizing native plant material if practical, after large-impact ecosystem disturbances such 

as forest fires (Richards et al. 1998; Erikson 2008). At the small business/homeowner 

level, a survey in the Colorado Plateau region suggested that customers are interested in 

native plants for a variety of reasons, including that they provide a new array of garden 

plants compared to traditional non-native offerings (Potts et al. 2002). Further McMahan 

(2005) noted rising interest from the individual private consumer in utilizing native plant 

material in residential landscapes. In the Southwestern United States increased drought 

conditions and fires, may have partly contributed to the surge in demand for native plant 

products. 

 Utilization of native plants facilitates the following: ecological stability, reduced 

ecosystem degradation, increased soil stabilization, biodiversity, species richness, and 

increased preservation of local genotype (Yue et al. 2011). Utilizing non-native or 

invasive plant species may cause environmental and economic harm through ecosystem 

degradation. Purple loosestrife, (Lythrum salicaria) an invasive species initially 
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introduced as a horticultural species, sold in nurseries as early as 1829 (Mack 1991; 

Delisle et al. 2003), and still widely sold in markets today (Anderson 2004; Barbier and 

Knowler 2006; Yue et al. 2010), has cost an estimated $45 million in damages annually, 

through land restoration expenses (National Sustainable Agriculture Information Service 

1997; Pimentel et al. 2000; Yue et al. 2011). Incorporating non-local genotypes may 

reduce potential in-state revenue for the floriculture industry and also create problems 

through the introduction of non-local genetic materials, potentially threatening the 

sustainability of adapted local genotypes (Huenneke 1991; Lynch 1991; Schmid 1994; 

Huford & Mazer 2003; Rogers & Montalyo 2004)). 

 The horticultural industry, one of the most prolifically growing industries in the 

United States, increased its revenue by $9.3 million from 1997 to 2005. In 2004, 13% of 

the total horticultural sales in the United States were from native plant sales (Brooker et 

al. 2005; Hodges and Haydu 2006; Kauth and Perez 2011). Native plants are considered 

to be a developing niche for the green industry (Potts et al. 2002). According to a survey, 

landscape architects in Utah reported that compared to 5 years ago, 41% of practicing 

architects utilize a higher frequency of native plants (Brzuszek and Harkess 2008).  In the 

year 2000 with the development of the Federal Interagency Native Plant Material (NPM) 

Development Committee (USDA and USDI 2002), interagency projects have been 

created to increase availability and production of native plant material (Pellant et al. 

2004; Shaw et al. 2005; Peppin et al. 2010). In regions across the United States, such as 

in Florida, where native plants accounted for 19% of total annual plant sales in 2008, the 
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demand for native plants exceeds the supply (Smith 2007; Brzuszek and Harkess 2008; 

Hodges 2011).  

 The lack of availability of native plants seems to result from a variety of 

limitations and challenges indicative of the native plant market (Potts et al. 2002; Norcini 

2006; Peppin et al. 2010; Kauth and Perez 2011). In large-scale, federally-managed, 

restoration projects, a large supply of local genotypes are needed quickly (Peppin et al. 

2010; Rogers & Montalvo 2004). The regional lack of availability of native plant material 

in the United States has been examined and a number of causes have been proposed: 1) 

the non-native plant material market is more localized, 2) native plant growers are 

smaller and lack necessary monetary resources, 3) funding to increase availability of 

native plant material is limited, 4) native plants may be more expensive for customers, 5) 

native seed stock is limited, difficult to obtain, and may be more expensive than non-

native seed, and 6) customer demand may not be as great for natives as for non-natives 

(Norcini 2006; Brzuszek and Harkess 2008; Potts et al. 2002; Peppin et al. 2010).  

 Potts (2002) suggests limited knowledge and education regarding the utilization 

and identification of native plants as a challenge for consumers and industry 

professionals. Kauth and Perez (2011) stated that there is: 1) a lack of shared knowledge 

on how to propagative native plants among growers, 2) questions regarding seed origin, 

and 3) a lack of efficient and cost-effective methods for collecting and processing seed 

(Kauth and Perez 2011). However, numerous sources have stated that cost may not play a 

major role in the limitation of the native plant market, as despite extra cost, it appears that 

consumers are not less willing to purchase native plants (Gagliardia and Brand 2007; Yue 
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et al. 2010; Kauth and Perez 2011; Ricordi et al. 2014). In St. Paul, Minnesota, 

researchers found that on average, customers were willing to pay a $0.35 premium for 

plants which were identified as noninvasive and native, compared to a $1.01 to $1.66 

discount for plants labelled as nonnative or invasive (Yue et al. 2010).  

 In summary, the limitations of native plants are dictated by many challenges and 

may differ regionally. Native plant material being grown and sold locally could 

significantly increase in-state revenue for the horticultural industry through the 

development of a new niche market. As of yet, no feasibility studies or even surveys have 

been implemented in Montana to determine the status of the native plant market.  

 

Materials and Methods 

 

 The objective of this study was addressed through the questions with following 

concerns: 1) gather demographic information on current Montana native plant growers, 2) 

assess limitations to the native plant market identified through current Montana native 

plant growers, and 3) assess potential for the promotion of information sharing and 

networking among current Montana native plant material growers. 

 A survey approved by the Institutional Review Board (IRB) by Montana State 

University of 14 questions (Table 6.1 APPENDIX G) in a mixed closed and open-ended 

format was delivered to a total of 30 Montana native plant growers involved in 

propagating herbaceous native plants that were identified through a list compiled by the 

Montana Native Plant Society (MNPS 2011). To ensure the largest survey population 

possible, this list was verified using additional lists located on the WERA 1013 website 
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(http://www.uwyo.edu/wera1013/default.as) and the Montana Department of 

Environmental Quality website (http://deq.mt.gov/wqInfo/wetlands/NurseriesSeed 

Sources.mcpx).  

 Due to the small population size, the survey was delivered to the entire population 

instead of a randomized subset of the population. To ensure an adequate response, the 

survey was administrated through both interview-based and self-completed modes. The 

surveys were delivered through three methods as recommended by the Survey Design 

and Analysis handbook (NOAA 2007); 1) online via email software company (Survey 

Monkey ©); 2) orally via the telephone; 3) written forms were delivered via US Postal 

Service. Reminders were sent to enhance survey return rate (Dillman 2000).   

 Of the total target population of 30 Montana native plant growers, 19 received an 

email or call on January 7, 2015, February 3, 2015, and March 20, 2015.  On March 31
st
, 

the remaining 11 native plant growers received letters through the postal service with a 

printed questionnaire and self-addressed and stamped envelope. The response data was 

then analyzed using PROC FREQ for frequencies (version 9.2; SAS University Edition, 

SAS Institute, Cary, NC). Answer frequencies were calculated for all applicable 

questions and as all questions were answered, sample size was equal for all questions. 

 

Results  

 

Demographics 

 From the list of nurseries involved in propagating or selling native plant material, 

a total of 77.4% of growers were confirmed to be actively growing and or selling 
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herbaceous native plant material. A total of 70.8% were reached via email with a 

response rate of 57.1%, 29.1% via the telephone with a response rate of 57.1% for 

surveys delivered via telephone, and 7% sent via United States Postal Service with a 

response rate of 2.6%.  

 The Montana Office of tourism organizes the state into 6 regions: Glacier County, 

Southwest Montana, Central Montana, Yellowstone Country, Missouri River Country, 

and Southeast Montana. The majority of nurseries were located in the Glacier region 

(52.94%), secondly in the Yellowstone region (29.41%) and lastly in the Southwest 

region (17.65%) (Figure 6.1). There was no native plant nurseries located in Central 

Montana, Southeast Montana or in the Missouri River Country.  
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Figure 6.1. Frequency percentage of respondent’s answers for question assessing location 

of Montana native plant nurseries surveyed. PROC FREQ analysis.  
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 When examining whether wholesale and retail growers propagate native plants 

on-site or buy and then sell native plants propagated by other growers, the majority of 

Montana native plant nurseries who responded to the survey grew native plants on-site 

(76.92%). The minority purchased native plants from other growers and then sold them to 

consumers on-site (23.08%)(Figure 6.2).  
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Figure 6.2. Frequency percentage of respondent’s answers for question assessing whether 

the Montana native plant grower grew or supplied native plants. PROC FREQ analysis. 

  

   

 The majority of respondents (47.1%) said that on average, 0 to 20% of their 

customers come in to browse or purchase native plants. With the next most popular 

response tied (17.6%) at an average of 61 to 80% and 21 to 40% of customers coming in 

to browse or purchase native plant species. A minority of respondents (11.6%) said 81% 
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to 100% of customers asked for native plant material, with the least amount of growers 

(5.8%) responding that 41% to 60% requested native plants (Figure 6.3).   

 It is important to note that we have an inherent bias in our data as only growers 

already involved in native plant material production were surveyed. Additionally, these 

results may be a byproduct of a different interpretation of what consists as a positive 

response, as some growers may have counted a verbal customer request for native plant 

material as a positive response, whereas other growers may have counted a customer’s 

interest as a positive response.  
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Figure 6.3.Frequency percentage of respondent’s answers to question assessing 

percentage of customers who request native plants. PROC FREQ analysis.  
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 In total, the majority of respondents considered their business a combination of 

wholesale and retail (52.94%), whereas 41.18% considered their business solely retail, 

and only 5.88% as solely wholesale (Figure 6.4).  Most respondents held the role of 

owner (82.35%) with the minority of respondents as staff (11.76%) or manager 

(5.88%)(Figure 6.5).  
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Figure 6.4. Frequency percentage of respondent’s answers for question assessing type of 

business category of Montana native plant growers. PROC FREQ analysis. 
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Business role 

Manager Owner Staff

R
e

s
p

o
n

d
e

n
ts

 (
%

)

0

20

40

60

80

100

 

Figure 6.5. Frequency percentage of respondent’s answers for question assessing role 

within business for person surveyed representing Montana native plant grower. PROC 

FREQ analysis. 

 

 

Market Trends 

 The results from our survey suggest that customer demand exists for native plant 

material. When asked why they sell native plants, the majority of respondents stated it 

was due to customer demand (58.8%), with ecological reasons being the second most 

important reason respondents chose to grow native species (17.6%). Additional responses 

for why growers sell native plants;1) grower’s personal interest, and 2) variety of plant 

material sold were both at a percent response (11.7%)(Figure 6.6).  
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Figure 6.6. Frequency percentage of respondent’s answers for question assessing why 

grower sells native plants. PROC FREQ analysis.  

  

 

 As an indication of currently increasing customer demand for native plants, the 

greatest number of native plant nurseries surveyed was recently established businesses.  

The majority of respondents stated that they have been growing and or supplying native 

plants for no more than 10 years (35.2%). Additionally, 29.4% of growers stated that they 

have been in the industry for 11 to 20 years. The remaining respondents stated that they 

had been growing native species for: 1) 21 to 30 years (11.7%), 2) 31 to 40 years 

(11.7%), and 3) 41 or a greater number of years (11.7%) (Figure 6.7).  
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Figure 6.7. Frequency percentage of respondent’s answers for question assessing the 

length of time the business has been established. PROC FREQ analysis.  

 

 

 Respondents listed over 25 different species when asked to list the top five most 

common species they sell. Quaking aspen (Populus tremuloides), red-osier dogwood 

(Corunus sericea), blanketflower (Gaillardia aristata), big sagebrush (Artemesia 

tridentata), and chokecherry (Prunus virginiana).  

 

Market Challenges 

 When participants were asked what they believe may be hindering the native plant 

market, with the request to choose only one selection, the top concern was the lack of 
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seed supply (41.1%), the second ranked concern was propagation difficulties (23.5%), 

and thirdly respondents were concerned with a lack of consumer demand for natives 

(17.6%). Other respondents mentioned increased labor associated with natives (11.6%) 

and expense (5.8%) (Figure 6.8).  

Limitation to native plant market 

Expense Labor Demand Seed supply Propagation 

R
e
s
p
o
n
d

e
n
ts

 (
%

)

0

10

20

30

40

50

 

Figure 6.8. Frequency percentage of respondent’s answers for question assessing 

limitations to the Montana native plant market. Dollars required is indicated as expense. 

Labor required is indicated as labor. Lack of demand is indicated as demand.  Lack of 

seed supply is indicated as seed supply. A propagation difficulty is indicated as 

propagation. PROC FREQ analysis. 

 

  

 When participants were asked if they had trouble propagating natives, the 

majority said yes (76.4%) with a minority responding no (23.53%). For participants who 

said yes, the following species were listed as desirable but present propagation 
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challenges; ocean spray (Holodiscus discolor), mountain hollyhock (Iliamna rivularis), 

fuzzytongue penstemon (Penstemon eriantherus), Bitterroot (Lewisia rediviva), 

skyrocket (Ipomopsis aggregata), beargrass (Xerophyllum tenax), curl-leaf mountain-

mahogany (Cercocarpus ledifolius), and shrubby penstemon (Dasiphora fruticose).  

   

Market Projection  

 Addressing industry concerns is important for the future development and 

stabilization of the Montana Native Plant Market. Successfully creating and sustaining a 

collaborative framework or network to support the native plant market may require 

increased communication and collaboration of Montana native plant growers. Based on 

our survey results, Montana native plant growers are willing, even eager, to increase lines 

of communication and avenues for potential collaboration. When asked if they would be 

interested in networking and other professional development opportunities, the majority 

said yes (82.35%)(Figure 6.9).  
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Figure 6.9. Frequency percentage of respondent’s answers for question assessing 

willingness to network (yes or no) with other Montana native plant growers. PROC 

FREQ analysis. 

 

 When asked how they keep up to date with the native plant species which they 

may grow or sell, the majority indicated that they chose species based off previous year’s 

sales and plant requests (46.1%), followed by personal experimentation and research 

(23.1%), through a society or social group, such as the Montana Native Plant Society 

(MNPS) (15.3%) and through online information (15.3%). When growers were asked if 

they would be interested in displaying educational information (brochures, fliers, etc.) on 

the growth and maintenance of native plant material, the majority said yes (70.59%), 
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suggesting growers were willing to help increase educational and information 

opportunities for native plant consumers (Figure 6.10).  
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Figure 6.10. Frequency percentage of respondent’s answers for question assessing 

willingness to display information (yes or no) regarding native plant material. PROC 

FREQ analysis.  

 

 

Discussion 

 

 

Demographics & Market Trends 

 

 Of the responses, the greatest frequency of respondents grew native plants on-site 

and also considered their business as a combination of wholesale and retail. The higher 

frequency of growers who grow their own plant material may indicate that Montana 

native plant nurseries may be smaller sized businesses and also may be categorized as 
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businesses participating in a specialized niche market. Another indication of the size of 

the native plant market may be the increased frequency of respondents whom considered 

their business either as a combination of wholesale or retail, or solely retail. Retail 

businesses, compared to wholesale businesses, may be smaller sized and less influential 

on the market. These results are similar to a survey of the Colorado plateau, in which the 

majority of nurseries surveyed also were retail or a combination of wholesale and retail 

(Potts et al. 2002).  

 As an additional likely refection of the small business nature of most Montana 

native plant nurseries, the majority of respondents held the role of owner of the business.   

This is similar to the results of Brzuszek and Harkess (2009) who also had a majority of 

the surveys completed by either owners or managers. This may reflect that the 

management of the nursery is principally involved in their business and has a level of 

experience or expertise in the propagation of native plants. However, it may also be a 

potential indication of a lack of resources and or supporting staff. Further questions 

regarding the number of staff and their roles within the business would help to clarify the 

size and availability of supporting resources, such as staff, for each nursery.  

 Our survey results indicating that the greatest number of native plant nurseries 

surveyed were recently established businesses may reflect a recent increase in demand for 

native plant material. Other surveys have reported similar trends from native plant market 

surveys. In a survey of nurseries in the Colorado plateau region, participants stated that 

native plant material is increasing in popularity (Potts et al. 2002). Brzuszek and Harkass 
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(2009) in a survey of the green industry in the Southeastern United States found that 

growers believe customers have become increasingly more interested in native plants.   

 Respondents listed over 25 different species when asked to list the top five most 

common species they sell with the majority of those species as woody vs. herbaceous 

native plant species. The majority of these species are woody (80%) vs. herbaceous 

(20%). These results differ from Brzuszek (2008) in which tree, shrub, and herbaceous 

plant material was roughly equal in popularity. However in Brzuszek (2011) tree species 

were in the highest demand (53.9%), followed by herbaceous plants (8.7%), and grasses 

were the least popular type of native plant material sold (5.5%).  

 

Market Challenges 

 

  In our results growers indicated that a lack of seed supply was the top most 

limiting factor to the growth of the Montana native plant market. A smaller percentage of 

respondents believe that the limiting factor to the native plant market is customer 

demand. In our survey, when growers elaborated, a lack of information about native plant 

species for producers and consumers was thought to contribute to the lack of customer 

demand. Related factors including, a lack of professional networking and educational 

opportunities for native pant growers, and reduced communication and information 

sharing among growers, hinders the promotion of information among growers on how to 

propagate unfamiliar or new native plant species (Peppin et al. 2010).   

 Ultimately, all other limitations identified in the question, such as propagation 

difficulties, increased labor and cost, lack of demand, and lack of information for native 

plant producers and consumers, may all play a role in limiting the supply of native plants. 
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Limited supply and reduced availability of native plants as a major limiting factor in 

native plant market is also evident in other studies. In a survey of the Colorado plateau, 

27% of respondents stated that the availability of seed was the primary limitation to the 

native plant market and 8% said that lack of seed supply was a top limitation to supplying 

native plant material (Peppin et al. 2010).   

 Other studies have reported that the lack of educational opportunities and 

information on the growth and maintenance of native plants is a significant challenge for 

the native plant market. Kauth and Perez (2011) stated that the education of customers 

was among the top concerns of the green industry in Florida (Kauth and Perez 2011). In 

In a survey of the Colorado plateau, 10% of respondents said lack of consumer 

knowledge of native plant material production was limiting the purchasing of native 

material and 21% said the lack of the grower’s knowledge was limiting the supply of 

native plant material (Potts et al. 2002). There is also a lack of information for customers 

on how to maintain and establish native plants (Potts et al. 2002).  

 

Market Projection 

 

 In summary, all of the challenges to the native plant market identified in our 

results, including: 1) lack of seed supply, 2) propagation difficulties, 3) lack of customer 

demand, 4) increased labor, and 5) expense, may contribute to creating a destabilizing 

effect on the Montana native plant market. In the Colorado Plateau, inconsistency and 

unreliability of the native plant market was the most significant limitation to supply of 

native plants (Peppin et al. 2010). Similarly, Kauth and Perez (2011) in a survey of 
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industries involved in the Florida native wildflower market stated that demand for native 

plants may be highly dependable upon region.  

 This inconsistency may be caused, in part, by regional market characteristics. 

Demand may be increased in western states where federal land management agencies 

may purchase up to 50% of the native plant material offered in one year (Peppin et al. 

2010). Likewise, in Utah during 2003, the USFS and BLM were the two highest 

purchasers of native plant material in the western United States (Lynn et al. 2008; Peppin 

et al. 2010; Kauth and Perez 2011). Alternatively, Harkess (2009) stated that purchase of 

native plant material by government agencies consisted of about 4% of total sales in the 

Southeastern US. This inconsistency of demand may significantly contribute to the 

challenge of initiating and developing a native plant market (Beyers 2004; Peppin et al. 

2010; Kauth and Perez 2011, Potts et al. 2002).  

 

Conclusion 

 

 In summary, results from this survey indicate there is a demand for native plants 

in the state of Montana but additional work is needed to stabilize and increase the 

reliability of the Montana native plant market. Montana native plant growers who 

responded have stated the following top challenges to the native plant market; lack of 

seed supply, propagation difficulties, lack of customer demand, increased labor, and 

expense. However, the majority of respondents displayed a willingness to increase 

collaboration, perhaps helping to address one part of the challenge to the production of 

native plant species.  
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 Results from this survey provide baseline information on the status of the 

Montana native plant market, which may be helpful in directing a future native plant 

market feasibility study. A number of studies have proposed market plans which may act 

as a model for the state of Montana. In Utah, the Utah Intermountain Native Plant 

Growers Association created a specialized identity for native plants and labelled them as 

“Utah Choice” (Meyer 2005). Another example, the Great Basin project, is entirely 

federally funded with objectives to conduct research on producing native plant species 

and provide growers with initial quantities of seed in the hopes greater seed quantities 

will be returned to be utilized in restoration projects (GBRI 2001; Pellant 2006; Peppin et 

al. 2010).  

 Most functioning market models rely on a combination of federal and non-federal 

funding through collaboration, partnerships, and state cooperatives. Although the greatest 

demand for native plant material often comes from federal agencies, availability of 

funding is largely affected by policy changes (Mortlock 1998; Peppin et al. 2010). It has 

been suggested that an entirely privately-funded market is unable to sustain itself due to 

the large amount of initial start-up money necessary to sustain the specialized type of 

production and propagation requirements of native plant material (Peppin et al. 2010).  

 Ultimately an important future challenge of the Montana native plant market may 

be to increase collaboration with multiple funding opportunities, such as through state, 

national, and private entities, in order to invest in the creation of a sustainable and 

economically profitable Montana native plant market.  

 



111 

 

   

 

 

 

 

REFERENCES CITED 

 

  



112 

 

Alabama Cooperative Extension System. N.D. Watershed and Stream Restoration in 

Alabama: General Information. 5 May 2011. 

 

American Society of Landscape Architects. 2001. Vegetation in the built environment. 

Amer. Soc. Landscape Architects. Washington, D.C. 

 

Ali-Rachedi S, Bouinot D, Wagner MH, Bonnet M, Sotta B, Grappin P, 

Jullien M. 2004. Changes in endogenous abscisic acid levels during dormancy release 

and maintenance of mature seeds: studies with the Cape Verde Islands ecotype, the 

dormant model of Arabidopsis thaliana. Planta 219: 479–488. 

 

Anella LB. 2000. Debunking native myths. American Nurseryman Aug 15: 39–40, 42, 

44. Beatty RA. 1981. Ornamental horticulture redefined. HortScience 16:614–618. 

 

Association of Official Seed Analysts Journal of Seed Technology: Rules for Testing  

Seeds [Book]. - 1993. - Vols. 16, Number 3. 

 

Bailey, A. D., Nelson, P. V., Fonteno C. W. 1996. Bedding Plant Fertilization Strategies. 

N.C. Plant Growers’ Bulletin 41(1): 7-14 

 

Bamberg, S. A., and J. Major. 1968. Ecology of the vegetation and soils associated with  

calcareous parent materials in three alpine regions of Montana. Ecological Monographs 

38(2):127-167. 

 

Baskin CC, Baskin JM. 1998. Seeds – ecology, biogeography, and evolution of 

dormancy and germination. San Diego, CA, USA: Academic Press. 

 

Baskin JM, Baskin CC. 2004. A classification system for seed dormancy. 

Seed Science Research 14: 1–16. 

 

Baskin C.C., Baskin J.M. A revision of Martin's seed classification system, with  

particular reference to his dwarf-seed type. Seed Sci. Res. 2007;17: 11–20. 

 

Baskin CC, Baskin JM. 2014. Seeds: ecology, biogeography, and evolution of 

dormancy and germination 2nd edition. University of Kentucky, Lexington, USA:  

Academic Press, pp 31-98 

 

Bates, D.J., Miller, F.R., Svejcar, J.T. Understory dynamics in cut and uncut western  

juniper woodlands.  Journal of Range Management  Vol. 53, No. 1 (Jan., 2000) , pp. 119-

126 Published by: Allen Press and Society for Range Management Stable URL: 

http://www.jstor.org/stable/4003402 

 

Bewley JD, Black M. 1994. Seeds – physiology of development and 

germination, 2nd edn. New York, NY, USA: Plenum Press. 



113 

 

Bewley J. D. (1997). Seed germination and dormancy. Plant Cell, 9: 1055-1066. 

 

Bewley, J.D., Bradford, K.J., Hilhorst, H.W.M., and Nonogaki, H. (2013). Seeds:  

Physiology of Development, Germination and Dormancy, 3rd ed. (New York: Springer). 

 

Beyers, J. L. 2004. Postfire seeding for erosion control: Effectiveness and impacts native  

plant communities. Conservation Biology 18:947–956. 

 

Black, M., J. Bewley, and P. Halmer. 2006. The encyclopedia of seeds: Science, 

technology and uses. CABI, Wallingford, UK. 

 

Broadhurst, L., A. Lowe, D. Coates, S. Cunningham, M. McDonald, P. Vesk, and C. 

Yates. 2008. Seed supply for broadscale restoration: Maximizing evolutionary potential. 

Evol. Applications 1: 587–597. 

 

Brooker, J., D. Eastwood, C. Hall, K. Morris, A. Hodges, and J. Haydu. 2005. Trade 

flows and marketing practices within the United States nursery industry: 2003. Tennessee 

Agr. Expt. Sta., Southern Coop. Ser. Bul. 404. 

 

Brown, R.W.; Amacher, M.C. 1997. Selecting plant species for ecological restoration: a 

perspective for land managers. Revegetation with native species, pp.1-16 In: 

Proceedings, 1997 Society for Ecological Restoration Annual Meeting. U.S.D.A. Forest 

Service Rocky Mountain Research Station. Proceedings RMRS-P-8. 

 

Brzuszek, R. F., & Harkess, R. L. (2009). Green industry survey of native plant 

marketing in the southeastern United States. HortTechnology, 19(1), 168–172. 

 

Brzuszek, R. F., Harkess, R. L., & Mulley, S. J. (2007). Landscape architects’ use of 

native plants in the southeastern United States. HortTechnology, 17(1), 78–81. 

 

Cardoso,G., Cerny-Koenig T., Koenig R., Kjelgren, R. (2007). Characterizing fertilizer 

and media pH requirements for greenhouse production of Intermountain West native 

herbaceous perennials. CWEL Publications. Paper 5.     

http://digitalcommons.usu.edu/cwel_pubs/5 

 

Chambers, K.J P. Bowen, N.J. Turner, P.C. Keller. 2006. Ethylene improves germination  

of arrow-leaved balsamroot seeds. Native Plants Journal. 7, pp. 109–113 

 

Clewell AF, Aronson J .2013.  Ecological restoration: principles, values and structure of  

an emerging profession. Washington D.C: Island Press.   

 

Cseresnyes, Z. 1979. Studies on the duration of dormancy and methods of determining  

the germination of dormant seeds of Hetianthus annuus. - Seed Sci. Technol. 7: 179-188 

 



114 

 

Curtis, K., M. Cowee, and S. Slocum. 2005. Nevada wildland seed cooperative feasibility 

assessment. Univ. Ctr. Econ. Dev., Dept. Resource Econ., Univ. of Nevada, Reno, NV. 

 

Delisle F, Lavoie C, Jean M, Lachance D (2003) Reconstructing the spread of invasive 

plants:   taking into account biases associated with herbarium specimens. J Biogeography 

30:1033–1042 

 

Dillman, D.A. 2000. Mail and internet surveys: The tailored design method. Wiley, New 

York. 

 

Doxon LE. 1991. Sustainable horticulture. Journal of the American Society for 

Horticulture Science 26:1454–1455. 

 

Dumroese, R. Kasten; Luna, Tara; Landis, Thomas D., editors. 2009. Nursery manual for 

native plants: A guide for tribal nurseries - Volume 1: Nursery management. Agriculture 

Handbook 730. Washington, D.C.: U.S. Department of Agriculture, Forest Service. 302  

 

Dunne, R. and C. Dunne. 2003. Trends in the western native plant seed industry since 

1990. Native Plants J. 4:88–94. Executive Order 13112. 1999. Invasive species. 5 May 

2011. 

 

Erickson VJ (2008) Developing native plant germplasm for national forests and  

grasslands in the Pacific Northwest.Native Plants Journal 9, 255–266. 

 

Fenner M, Thompson K. 2005. The ecology of seeds. Cambridge, UK: 

Cambridge University Press. 

 

Finch-Savage, W. E. and Leubner-Metzger, G. (2006), Seed dormancy and the control of  

germination. New Phytologist, 171: 501–523. doi: 10.1111/j.1469- 

8137.2006.01787. 

 

Forbis, T.A., Floyd, S.K., deQueiroz, A. 2002. The evolution of embryo size in  

angiosperms and other seed plants: Implications for the evolution of seed dormancy. 

Evolution 56: 2112–2125. 

 

Gagliardi, J.A. and M.H. Brand. 2007. Connecticut nursery and landscape industry 

preferences for solutions to the sale and use of invasive plants. HortTechnology 17:39–

45. 

 

Geneve, R.L. 2003. Impact of temperature on seed dormancy. HortScience. 38(3): 336- 

341 

 

 

 



115 

 

Glass, P. M. and F. Levy. 2011. Correspondence of morphology, phylogeny, and  

reproductive barriers Phacelia subgenus Cosmanthus (Hydrophyllaceae). Journal of the 

Torrey Botanical Society 138:341–352 

 

Gilbert, C., J. M. Dempcy, C. K. Ganong, R. Patterson, and G. S. Spicer. 2005.  

Phylogenetic relationships within Phacelia subgenus Phacelia (Hydrophyllaceae) inferred 

from nuclear rDNA ITS sequence data. Systematic Botany 30:627–634 

 

Grese, R.E. 1992. Jens Jensen: Maker of natural parks and gardens. John Hopkins 

University Press, Baltimore. 

 

Haling E. R, Simpson J. R, Culvenor A. R, Lambers H, Richardson E. A. Assessment of 

root growth by perennial pasture grasses in an acid soil using novel DNA-based methods. 

CSIRO Sustainable Agriculture Flagship/ CSIRO Plant Industry, PO Box 1600, 

Canberra, ACT, 2601 Email richard.simpson@csiro.au 

 

Hamill, N. 2005. Natives near and far. Ornamental Outlook 14(6):31–32. Hooper, V.H. 

2003. Understanding Utah’s native plant market: coordinating public and private interest. 

MS Thesis. Utah State University, Logan. 

 

Harper-Lore, B. and M. Wilson. 2000. Roadside use of native plants. Island Press, 

Washington, DC. Hodges, A. 2011. Production and marketing practices in the Florida 

nursery industry, 2008. Dept. Food Resource Econ., Florida Coop. Ext., Inst. Food Agr. 

Sci., Univ. of Florida, Gainesville, FL. 

 

Hart, J. 1976. Montana native plants and early peoples. Helena, MT: Montana  

Historical Society 

 

Hawaii State Legislature. 1994. Indigenous and Polynesian introduced plants: Use in 

public landscaping. Act 73 as currently modified. Hawaii Revised Statutes 103-24.6:469. 

 

Heather AE, Perez HE, Wilson SB. 2010. Non-deep physiological dormancy in seeds of  

two Polygonella species with horticultural potential. HortScience 45:1854–1858. 

. 

Helfand  G.E., Park, J.S., Nassauer, J.I., and Kosek S. 2006. The economics of native  

plants in residential landscape designs. Landscape and Urban Planning 78 229–240. 

 

Hilhorst HWM. 1995. A critical update on seed dormancy. I. Primary 

dormancy. Seed Science Research 5: 61–73. 

 

Hitchcock, C.L., and Cronquist, A. 1973. Flora of the Pacific Northwest. University of  

Washington, Seattle 

 



116 

 

Hodges, A. and J. Haydu. 2000. Economic impact of Florida’s environmental horticulture 

industry. J. Environ. Hort. 18:123–127. 

 

Hodges, A. and J. Haydu. 2006. Economic impacts of the Florida environmental 

horticulture industry in 2005. Dept. Food Resource Econ., Florida Coop. Ext., Inst. Food 

Agr. Sci., Univ. of Florida, Gainesville, FL. 

 

Hooper, V. 2003. Understanding Utah’s native plant market: Coordinating public and 

private interest. Utah State Univ., Logan, UT, MS Thesis. Hufford, K.M. and S.J. Mazer. 

2003. Plant ecotypes: Genetic differentiation in the age of ecological restoration. Trends 

Ecol. Evol. 18:147–155. 

 

[ITIS] Integrated Taxonomic Information System. 2001. Biological names. Version 4.0 

(on-line database). URL: http://www.itis.usda.gov (accessed 7 Mar 2001). 

 

Johnson, R., L. Stritch, P. Olwell, and S. Lambert. 2010. What are the best seed sources 

for ecosystem restoration on BLM and USFS lands? Native Plants J. 11:117– 131. Jones, 

T. and S. Young. 2005. Native seeds in commerce: More frequently asked questions. 

Native Plants J. 6:286–293 

 

Jones, T. and T. Monaco. 2009. A role for assisted evolution in designing native plant 

materials for domesticated landscapes. Front. Ecol. Environ 7:541–547. 

 

Kitchen, Stanley G., and Stephen B. Monsen. 1996. Arrowleaf balsamroot (Balsamorhiza  

sagittata) Seed Germination and Establishment Success. Restoration and Management 

Notes 14:180-181. 

 

Keating, R. (2014). Harvestability of Silver Leaf Phacelia. Montana State Univ., 

Bozeman, MT, MS Thesis 

 

Kucera B, Cohn MA, Leubner-Metzger G. 2005. Plant hormone 

interactions during seed dormancy release and germination. Seed Science Research 15: 

281–307. 

 

Landis, D., T. and Simonich, J., E. (1984). Producing native plants as container seedlings. 

In: Murphy, Patrick M., compiler. The challenge of producing native plants for the 

Intermountain area: proceedings: Intermountain Nurseryman's Association 1983 

conference; 1983 August 8-11; Las Vegas, NV. General Technical Report INT-168. 

Ogden, UT: U.S. Department of Agriculture, Forest Service, Intermountain Forest and 

Range Experiment Station; 1984. 96 p. 

 

Larsen, L. & Harlan, S. L. (2006). Desert dreamscapes: Residential landscape preference  

and behavior. Landscape and Urban Planning. 78(1-2), 85-100. 

 



117 

 

Lesica, P. and F. Allendorf. 1999. Ecological genetics and the restoration of plant 

communities: Mix or match? Restor. Ecol. 7:42–50. 

 

Li BL, Foley ME. 1997. Genetic and molecular control of seed dormancy. 

Trends in Plant Science 2: 384–389. 

 

Lowery, C. 1983. Wild flowers: An aesthetic way of conserving water and fuel in 

Florida. Proc. Florida State Hort. Soc. 96:178–180.  

 

Lubchenco J, Olson AM, Brubaker LB, Carpenter SR, Holland MM, and others. 1991. 

The sustainable biosphere initiative: an ecological research agenda. Ecology 72:371–412. 

 

Lynn, J.C., W. Auberle, D.L. Peppin, P. Fule, and A.L. Mottek-Lucas. 2008. Northern 

Arizona native plant market feasibility study. Northern Arizona Univ., Flagstaff, AZ. 

 

Mack, R., N. (1991). The commercial seed trade: an early disperser of weeds in the 

United States. Econ Bot 45:257–273 

 

Martin AC. 1946. The comparative internal morphology of seeds. American Midland  

Naturalist 36: 513-660 

 

McMahan, L.R. 2006. Understanding cultural reasons for the increase in both restoration 

efforts and gardening with native plants. Native Plants J. 7(1):31–34. 

 

McWilliams, Jack 2002. Balsamorhiza sagittata. In: Fire Effects Information  

System, [Online]. U.S. Department of Agriculture, Forest Service, Rocky Mountain 

Research Station, Fire Sciences Laboratory (Producer). Available: 

(http://www.fs.fed.us/database/feis/, 26 September 2006). 

 

Meyer, S. 2005. Intermountain native plants growers association: A nonprofit trade 

organization promoting landscape use of native plants. Native Plants J. 6:104– 107. 

 

Milstein, G. 2005. The uses and potential of wildflower seed in landscaping, p. 39– 41. 

In: M. McDonald and F. Kwon (eds.). Flower seeds biology and technology. CABI, 

Wallingford, UK. 

 

Mitchel, R. S., V. C. Lamarche, R. M. Llyod. 1966. Alpine vegetation and active frost  

features of Pellsier Flats, White Mountains, California. American Midland Naturalist 

75:516–525. 

 

Montana Department of State Lands, Abandoned Mine Reclamation Bureau. 1995. 1995 

Summary report 

 

 



118 

 

Morefield, J. D. 1992. Spatial and ecologic segregation of phytogeographic elements in  

the White Mountains of California and Nevada. Journal of Biogeography Vol. 19,  No. 1 

(Jan., 1992), pp. 33-50 

 

Morgan, D. 1997. David Chiappini on Florida’s native plant nursery association. Nursery 

management and production. 19 Oct. 2006. . 

 

Munshower, F.F. 1994. Practical handbook of disturbed land revegetation. CRC Press, 

Inc. 265 p. 

 

Nassauer JI. 1988. The aesthetics of horticulture: neatness as a form of care. HortScience 

23: 973–977. 

 

National Wildlife Federation. 2007. American BeautiesTM. National Wildlife Federation, 

Reston, VA. Norcini, J. 2006. Native plants: An overview. Dept. Environmental Hort., 

Florida Coop. Ext., Inst. Food Agr. Sci., Univ. of Florida, Gainesville, FL. 

 

Nikolaeva MG. 1967. Physiology of deep dormancy in seeds. Leningrad, Russia:  

Izdatel’stvo ‘Nauka’ (in Russian). Translated from Russian by Z. Shapiro (1969),  

National Science Foundation, Washington, DC, USA: 219. 

 

[NOAA] NOAA/CSC/20717-PUB 2007. Introduction to Survey Design and Delivery. 

NOAA Social Science Tools for Coastal program series. URL: 

coast.noaa.gov/digitalcoast/sites/default/files/files/1366311448/survey_design_and_deliv

ery.pdf (accessed 1 Mar 2015). 

 

Norton, H. H.; Hunn, E. S.; Martinsen, C. S.; Keely, P. B. 1984. Vegetable food  

products of the foraging economies of the Pacific Northwest. Ecology of Food and 

Nutrition. 14(3): 219-228. 

 

Pellant, M., B. Abbey, and S. Karl. 2004. Restoring the Great Basin desert, USA:  

integrating science, management, and people. Environmental Monitoring and Assessment 

99:169–179. 

 

[PEO] Presidential Executive Order #13112. 3 February 1999. Invasive species. 

URL:http:// frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi? 

dbname=1999register&docid=fr08fe99-168.pdf (accessed 1 Mar 2015). 

  

Peppin, D.L., P.Z. Fule´, J.C. Lynn, A.L. Mottek-Lucas, and C. Hull Sieg. 2010. Market 

perceptions and opportunities for native plant production on the southern Colorado 

plateau. Restor. Ecol. 18:113– 124. 

 



119 

 

Perez, H.E., C.R. Adams, M.E. Kane, J.G. Norcini, G. Acomb, and C. Larsen. 2010. 

Awareness of and interest in native wildflowers among college students in plant-related 

disciplines: A case study from Florida. HortTechnology 20:368– 376. 

 

Potts, L.E., M.J. Roll, and S.J. Wallner. 2002. Colorado native plant survey—Voices of 

the green industry. Native Plants J. 3:121–125. 

 

Powell, David C. 1994. Effects of the 1980's western spruce budworm outbreak on the  

Malheur National Forest in northeastern Oregon. Tech. Pub. R6-FI&D-TP-12-94. 

Portland, OR: U.S. Department of Agriculture, Forest Service, Natural Resources Staff, 

Forest Insects and Diseases Group. 176 p.  

 

Richards, R., J. Chambers, and C. Ross. 1998. Use of native plants on federal lands: 

Policy and practice. J. Range Mgt. 51:625–632. 

 

Rodriguez, M. Vernoica, Peter E. Toorop, and Roberto L. Benech-Arnold. 2011.  

Challenges facing seed banks and agriculture in relation to seed quality. In Seed 

Dormancy. Edited by A. Kermode. Humana Press, New York USA, Methods in 

Molecular Biology 773: 17-23 

 

Roemmich, R. Aurora, Butler, L. Jack, Larson, E. Gary, Turnipseed, Brent. 2012.  

Germination response of prairie dropseed and hairy gold aster to stratification and 

temperature. The Prairie Naturalist 44(1):30–38 

 

Rosentreter R. 1994. Displacement of rare plants by exotic grasses. In: Monsen SB, 

Kitchen SG, editors. Proceedings, Ecology and Management of Annual Rangelands; 

1994 Sept; USDA Forest Service, Intermountain Research Station. General Technical 

Report INTGTR-313. p170–174. 

 

Roundy, B.A.; Shaw, N.L.; Booth, D.T. 1997. Lessons from historical rangeland 

revegetation for today’s restoration:1-8. In Proceedings: Using Seeds of Native Species 

on Rangelands. Society of Range Management 50th Annual Meeting. U.S.D.A. Forest 

Service Intermountain Research Station. General Tech. Report INT-GTR-372. 

 

[SCEO] State of Colorado Executive Order D 006 99. 19 July 1999. Development and 

implementation of noxious weed management programs. URL: 

http:www.ag.state.co.us/DPI/ publications/order.PDF (accessed 1 Mar 2015). 

 

Schwienbacher, E., Navarro-Cano, J. A., Neuner, G., & Erschbamer, B. (2011). Seed  

dormancy in alpine species. Flora, 206(10-3), 845–856.  

doi:10.1016/j.flora.2011.05.001 

 



120 

 

Scianna J. and Majerus M. Native plant and seed production for high elevation 

restoration [Report]. - Bridger Plant Materials Center : US Department of Agriculture, 

Natural Resources Conservation Service, 2004. 

 

Shaw, N. L., S. M. Lambert, A. M. DeBolt, and M. Pellant. 2005. Increasing native forb  

seed supplies for the Great Basin. Pages 94–102 in R. K. Dumroese, L. E. Riley, and T. 

D. Landis, editors. National proceedings: Forest and Conservation Nursery Association-

2004; July 12–15. Charleston, North Carolina; and 2004 July 26–29; Medford, Oregon. 

RMRS-P-35. USDA Forest Service, Rocky Mountain Research Station, Fort Collins, 

Colorado. 

 

Sheley RL, Petroff JK, editors. 1999. Biology and management of noxious rangeland 

weeds. Corvallis (OR): Oregon State University Press. 464 p. Smith F. 1996. Biological 

diversity, ecosystem stability and economic development. Ecological Economics 16:191–

203. 

 

Smyth C, R. 1997. Native grass, sedge and legume establishment and legume-grass  

competition at a coal mine in the Rocky Mountains of southeastern British Columbia, 

International Journal of Surface Mining, Reclamation and Environment, 11:2, 105-113, 

DOI: 10.1080/09208119708944068 

 

Stanton, Frank. 1974. Wildlife guidelines for range fire rehabilitation. Tech. Note  

6712. Denver, CO: U.S. Department of the Interior, Bureau of Land Management. 90 p. 

 

Steele, Robert; Geier-Hayes, Kathleen. 1995. Major Douglas-fir habitat types of  

central Idaho: a summary of succession and management. Gen. Tech. Rep. INT-GTR-

331. Ogden, UT: U.S. Department of Agriculture, Forest Service, Intermountain 

Research Station. 23 p. 

 

Stevens, Richard; Davis, James N. 1985. Opportunities for improving forage production  

in the Gambel oak types of Utah. In: Johnson, Kendall L., ed. Proceedings, 3rd  

Utah shrub ecology workshop; 1983 August 30-31; Provo, UT. Logan, UT: Utah  

State University, College of Natural Resources: 37-41. 

 

Stoehr, U. Michael and Yousry A. El-Kassaby. 2011. Challenges facing the forest  

industry in relation to seed dormancy and seed quality. In Seed Dormancy. Edited by A. 

Kermode. Humana Press, New York USA, Methods in Molecular Biology 773: 3-14 

 

Stubbendieck, James; Hatch, Stephan L.; Butterfield, Charles H. 1992. North  

American range plants. 5th ed. Lincoln, NE: University of Nebraska Press. 501 p. 

 

Taliga, C., Tilley D., Burns, C., St. John, L. 2013. Plant materials for Pollinators and  

other beneficial insects [Report]. –Colorado Plant Materials Center: US Department of 

Agriculture, Natural Resources Conservation Service, 2013.  



121 

 

Tamimi, L. 1999. The use of native Hawaiian plants by landscape architects in Hawaii. 

Virginia Polytechnic Inst. State Univ., Blacksburg, VA, MS Thesis. Vasquez, L. and J. 

Haynes. n.d. Solutions for your Life: Lawn and Garden Publications. 5 May 2011. 

 

Timson, J. 1966. The Germination of Polygonum convolvulus L. New 

Phytologist  Published by: Wiley on behalf of the New Phytologist Trust. 65(4): pp. 423-

428 

 

U.S. Department of Agriculture, Forest Service. 1937. Range plant handbook.    

Washington, DC. 532 p.  

 

U.S. Department of Agriculture, Forest Service, Intermountain Region. 1989.  

Identification characteristics of major sagebrush taxa and species adapted to areas 

inhabited by each. The Habitat Express. Ogden, UT: U.S. Department of Agriculture, 

Forest Service, Intermountain Region. 89(1): pp. 2 

 

U.S. Department of Agriculture, Natural Resources Conservation Service. 2008.  

PLANTS Database, [Online]. Available: http://plants.usda.gov/. 

 

U.S. Department of Agriculture, Agricultural Research Service. - 2012.  

http://planthardiness.ars.usda.gov/PHZMWeb/InteractiveMap.aspx 

 

U.S. Department of Agriculture, Natural Resources Conservation Service (Technical  

Note MT-75) [Report]. – 2013. 

 

U.S. Department of Agriculture, Natural Resources Conservation Service  (Technical  

Note MT-97) [Report]. - 2014. 

 

U.S. Department of Agriculture, Natural Resources Conservation Service. 2014. Acid  

and heavy metal tolerant plants for restoring [Report]. - Bridger, Montana : Bridger Plant 

Materials Center, 2001. 

 

United States Department of Agriculture, Forest Service, 2014. Wilkinson M. Kim,  

Landis D. Thomas, Haase L. Diane, Daley F. Brian, Dumroese R. Kasten. 2014. Tropical 

Nursery Manual, A guide to Starting and Operating a Nursery for Native and Traditional 

Plants. Agricultural Handbook 732: 233-251 

 

US Department of the Interior (USDI) and US Department of Agriculture (USDA). 2002.  

Interagency program to supply and manage native plant materials for restoration and 

rehabilitation on federal lands. Report to Congress: Interagency Native Plant Materials 

Development Program, April2002.  

 

Vegis, A. 1973. Dependence of the growth processes on temperature. In Temperature and  

Life (H. Precht, J Christophersen, H. Hensel, and W. Larcher, eds.) pp.145-170 



122 

 

Vleeshouwers LM, Bouwmeester HJ, Karssen CM. 1995. Redefining seed 

dormancy: an attempt to integrate physiology and ecology. Journal of 

Ecology 83: 1031–1037. 

 

Wasser, Clinton H. 1982. Ecology and culture of selected species useful in  

revegetating disturbed lands in the West. FWS/OBS-82/56. Washington, DC: U.S. 

Department of the Interior, Fish and Wildlife Service, Office of Biological Services, 

Western Energy and Land Use Team. NTIS, Springfield, VA 22161; PB-83-167023 

pp.347 

 

Waterstrat, J. 1997. Assessment of the native plant market in the southeastern United 

States. Mississippi State Univ., Starkville, MS, MS Thesis. 

 

Wayman, R. B., and M. North. 2006. Initial response of a mixed-conifer understory plant  

community to burning and thinning restoration treatments. Forest Ecology and 

Management 239:32–44. 

 

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., Swetnam, T.W., 2006. Warming and  

earlier spring increase western U.S. forest wildfire activity. Science 313, 940– 943. 

 

Wiens, C,D.,. Calvin, C.. Wilson, C.. Davern, D. Frank and S. R. Seavey. Reproductive  

success, spontaneous embryo abortion, and genetic load in flowering plants. Oecologia 

Vol. 71, No. 4 (Mar., 1987) , pp. 501-509 

 

Wilkins, Bruce T. 1957. Range use, food habits, and agricultural relationships of  

the mule deer, Bridger Mountains, Montana. Journal of Wildlife Management. 21(2): 

159-169. 

 

Wilkinson, Kim M.; Landis, Thomas D.; Haase, Diane L.; Daley, Brian F.; Dumroese, R.  

USDA 2014. Kasten, eds. 2014. Tropical Nursery Manual: A guide to starting and 

operating a nursery for native and traditional plants. Agriculture Handbook 732. 

Washington, DC: U.S. Department of Agriculture, Forest Service. 376 p. 

 

Wischnofske, Merle G.; Anderson, David W. 1983. The natural role of fire in  

Wenatchee Valley. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific 

Northwest Region, Wenatchee National Forest. 19 p. (+ Appendices).  

 

Woosaree, J. 2000. Market assessment of the native plant industry in western Canada. 

Alberta Environ., Alberta Agr. Food Rural Dev., Alberta Res. Council, Vegreville, AB, 

Canada. 

 

Young, James A., Evans, Raymond A. 1979. Arrowleaf balsamroot and mules ear seed  

germination. Journal of Range Management. 32(1): 71-74. 



123 

 

Yue, C., T.M. Hurley, and N. Anderson. 2011. Do native and invasive labels affect 

consumer willingness to pay for plants? Evidence from experimental auctions. Agr. Econ. 

42:195–205. 

 

Yu, D. 2014. How does the pollinators’ flower preference affect the features of the  

pollination network. Eco-Informatics Summer Institute. Published by Oregon State 

University. http:// eco-informatics.engr.oregonstate.edu/previous/2014/Yu_paper.pd 

 

 



125 

 

 

 

 

 

 

 

APPENDICES 

  



126 

 

 

 

 

 

 

 

APPENDIX A 

 

CLASSIFICATION SCHEME BY BASKIN AND BASKIN (1998, 2004) 
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Baskin and Baskin (1998, 2004) Key 

Table 1. A classification system for seed dormancy (modified from Nikolaeva, 1977; 

Baskin and Baskin, 1998). Does not include seeds with undifferentiated embryos 

 

A. Class: Physiological dormancy (PD)  

Level deep: type(s) 1,2,3,4  

Level intermediate: type(s) 1,2,3,4 

Level non-deep: type(s) 1, 2,3,4,5 

B. Class: Morphological dormancy (MD) (does not include seeds with 

undifferentiated embryos)  

C. Class: Morphophysiological dormancy (MPD)  

Levels non-deep simple 

Level intermediate simple 

Level deep simple 

Level deep simple epicotyl 

Level deep simple double 

Level non-deep complex  

Level intermediate complex  

Level deep complex (also see Table 3)  

 D. Class: Physical dormancy (PY)  

E. Class: Combinational dormancy (PY + PD) 

Level non-deep PD: type(s) 1,2  
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Table 2. Characteristics of dormancy in seeds with deep, intermediate and non-deep 

physiological dormancy (from information in Baskin and Baskin, 1998)  

 

A. Level: Deep 

Type 1: Excised embryo produces abnormal seedling  

Type 2: GA does not promote germination  

Type 3: Seeds require 3–4 months of cold stratification to germinate 

B.  Level: Intermediate  

Type 1: Excised embryo produces normal seedling  

Type 2: GA promotes germination in some (but not all) species 

Type 3: Seeds require 2–3 months of cold stratification for dormancy break  

Type 4: Dry storage can shorten the cold stratification period  

C. Level: Non-deep  

Type 1: Excised embryo produces normal seedling  

Type 2: GA promotes germination  

Type 3: Depending on species, cold (c. 0–10°C) or warm (15°C) stratification 

breaks dormancy  

Type 4: Seeds may after-ripen in dry storage 

Type 5: Scarification may promote germination 
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Table 3. Eight levels of morphophysiological dormancy (Baskin and Baskin 1998; 

Walck et al. 1999) and temperature, or temperature sequence, required to break 

them  

 

MPD type: To break dormancy  At time of embryo growth GA3 overcomes 

dormancy  

Non-deep simple  W or C   W     +c  

Intermediate simple  W + C    W     +  

Deep simple   W + C    W     +/–  

Deep simple epicotyl  W + C    W     +/–  

Deep simple double  C + W + C   W     ?  

Non-deep complex  C    C     + 

Intermediate complex C    C     +  

Deep complex  C    C     –  

 

KEY: W= warm stratification; C = cold stratification; MPD =  morphophysiological 

dormancy;  + = yes;  +/– = yes/no; – = no 
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APPENDIX B 

 

RECLASSIFICATION SCHEME BY SCHWIENBACHER (2011) 
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Schwienbacher (2011) Key  

1. ND/PD 

1.1. FGP (FRESHLD) ≥ FGP(CDSfresh) and FGP (FRESHLD) ≥ FGP 

(CWSfresh/CWSsubs) and MGT (FRESHLD) ≤ MGT (CDSfresh) and MGT 

(FRESHLD) ≤ MGT(CWSfresh/CWSsubs) and FGP (FRESHLD) ≥ 50% 

Yes ND 

No 1.2 

1.2. FGP (CDSfresh) ≥ FGP(CWSfresh/CWSsubs) and MGT (CDSfresh) ≤ MGT 

(CWSfresh/CWSsubs) and FGP (CDSfresh) ≥ 50% 

Yes PD, non-deep level 

No 1.3 

1.3 FGP (FRESHLD) ≥ 50% or FGP (CDSfresh) ≥ 50% or FGP 

(CWSfresh/CWSsubs) ≥ 50% 

Yes PD, intermediate level 

No PD, deep level 

2. MD/MPD 

2.1. FGP (FRESHLD) ≥ 50% 

Yes MD 

No MPD 

3. PY/PY + PD 

3.1. FGP (FRESHLD) ≥ FGP(FRESHsc) and MGT (FRESHLD) ≤ MGT 

(FRESHsc) and FGP (FRESHLD) ≥ 50% 
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Yes (assumption of impermeable seed coat dismissed!) ND 

No 3.2 

3.2. FGP (FRESHsc) ≥ 50% 

Yes PY 

No PY + PD 

 

* For unknown values of FGP or MGT the truth-value of the functional operation was 

assumed to become TRUE, except for the comparison of FGP with 50%, where missing 

values resulted in a FALSE. 

 

KEY 

FGP = final germination percentage; MGT = mean germination time; 

ND = non-dormant; PD = physiological dormancy; MD = morphological dormancy; 

MPD = morphophysiological dormancy; PY = physical dormancy; 

PY + PD = combinational dormancy; FRESHLD = seeds without storage under long day 

conditions; CWSfresh = cold-wet storage; CWSsubs = cold-wet storage subsequent to a 

germination experiment; CDSfresh = cold-dry storage; FRESHsc = scarification of seeds 

without storage. 
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APPENDIX C 

 

ANOVA ANALYSIS TABLES FOR CHAPTER 2 
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Chapter 2 ANOVA Analysis Tables 

 

Table 2.1.   ANOVA analysis of stratification (W / C) in combination with after-ripening 

(CS, WS) on final germination percentage. 

Source DF Type I 

SS 

F Value Pr > F 

Model 3 7 0.7 0.578 

After-ripening 1 5.3333 1.6 0.2415 

Stratification 1 0.3333 0.1 0.7599 

After-ripening x Stratification 1 1.3333 0.4 0.5447 

 

 

 

Table 2.2. ANOVA analysis of combined stratification (W+ C) with after-ripening (CS/ 

WS) on final germination percentage 

Source DF Type I 

SS 

F Value Pr > F 

Model 3 13.6666 1.3 0.339 

After-ripening  1 3 0.86 0.3816 

Combined Stratification  1 5.3333 1.52 0.2521 

Combined Stratification x After-

ripening 

1 5.3333 1.52 0.2521 
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Table 2.3. ANOVA analysis of after-ripening temperature (CS / WS) with after-ripening 

time periods (20, 40, 80, 120 & 240 days) on final germination percentage. 

Source DF Type I 

SS 

F Value Pr > F 

Model 9 184.0333 5.73 0.0006 

Temperature 1 2.7 0.76 0.3946 

After-ripening  4 169.5333 11.88 <.0001 

Temperature x After-ripening 4 11.8 0.83 0.5235 

 

 

 

Table 2.4. ANOVA analysis of GA (mg/L) with after-ripening temperature (CS, WS) on 

final germination percentage. 

Source DF Type I 

SS 

F Value Pr > F 

Model 7 4077.167 8.63 0.0002 

After-ripening 1 192.6666 2.86 0.1104 

Gibberellic Acid (GA) 3 3829.833 18.92 <.0001 

After-ripening x GA 3 54.6666 0.27 0.846 
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Table 2.5. ANOVA analysis of harvest date, after-ripening temperature (CS, WS), and 

GA (mg/L). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source DF SS  

Type I 

F Value Pr > F 

Model 29 83916.67 49.13 <.0001 

Harvest date 2 285.2167 2.42 0.0946 

After-ripening 1 580.8 9.86 0.0023 

Harvest date  x After-ripening 2 101.45 0.86 0.4261 

Gibberellic Acid (GA) 4 80656.42 342.38 <.0001 

GA x Harvest date 8 814.7833 1.73 0.1023 

After-ripening x GA 4 681.1167 2.89 0.0266 

Harvest date x After-ripening x GA 8 796.8833 1.69 0.1113 
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Table 2.6. ANOVA analysis of harvest date, after-ripening temperature (CS, WS), and 

GA (mg.L) on T50 values. 

Source DF SS 

Type I 

F Value 

Pr > F 

Model 29 7708.542 16.71 <.0001 

Harvest date 2 31.6666 1 0.3735 

After-ripening 1 255.2083 16.05 0.0001 

Harvest date x After-ripening 2 186.6666 5.87 0.004 

Gibberellic Acid (GA) 4 6186.667 97.26 <.0001 

GA x Harvest date 8 318.3333 2.5 0.0168 

After-ripening x GA 4 508.3333 7.99 <.0001 

Harvest date x After-ripening x GA 8 221.6666 1.74 0.0994 
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Table 2.7. ANOVA analysis of harvest date, after-ripening temperature (CS, WS), and 

GA (mg/L) on T90 values. 

Source DF SS 

Type I 

F Value 

Pr > F 

Model 29 3980 5.71 <.0001 

Harvest date 2 105 2.18 0.1184 

After-ripening 1 907.5 37.77 <.0001 

Harvest date x After-ripening 2 65 1.35 0.2638 

Gibberellic Acid (GA) 4 1505 15.66 <.0001 

GA x Harvest date 8 688.75 3.58 0.0012 

After-ripening x GA 4 71.6666 0.75 0.5634 

Harvest date x After-ripening x GA 8 637.0833 3.31 0.0023 
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APPENDIX D  

 

ANOVA ANALYSIS TABLES FOR CHAPTER 3 
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Chapter 3 ANOVA Analysis Tables 

 

Table 3.1. ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer (mg nitrogen/L) on leaf length (mm). 

Source DF SS Type 

I 

F 

Value 

Pr > F 

Model 9 8787.595 4.16 <.0001 

Container 1 4020.319 17.11 <.0001 

Fertilizer 4 2070.717 2.2 0.0721 

Container x 

Fertilizer 

4 2696.56 2.87 0.0256 
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Table 3.2. ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer (mg nitrogen/L) on leaf width (mm). 

Source DF SS   

Type I 

F 

Value 

Pr > F 

Model 9 1775.803 3.36 0.001 

Container 1 298.2763 5.08 0.0259 

Fertilizer 4 986.6533 4.2 0.0031 

Container x 

Fertilizer 

4 490.8738 2.09 0.0858 

 

 

 

Table 3.3. ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer level (mg nitrogen/L) on shoot dry weight (g). 

Source DF SS 

Type I 

F 

Value 

Pr > F 

Model 9 0.1939 3.9 0.0002 

Container 1 0.0111 2.03 0.157 

Fertilizer 4 0.1405 6.36 0.0001 

Container x 

Fertilizer 

4 0.0421 1.91 0.1131 
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Table 3.4. ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer level (mg nitrogen/L) on root dry weight (g). 

Source DF SS 

Type I 

F 

Value 

Pr > F 

Model 9 2.0696 4.53 <.0001 

Container 1 0.5947 11.72 0.0008 

Fertilizer 4 0.6808 3.35 0.012 

Container x 

Fertilizer 

4 0.794 3.91 0.005 

 

 

 

Table 3.5. ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer level (mg nitrogen/L) on root-to-shoot ratio (g). 

Source DF SS Type 

I 

F 

Value 

Pr > F 

Model 9 112.1183 6.77 <.0001 

Container 1 23.05314 12.53 0.0006 

Fertilizer 4 77.71274 10.56 <.0001 

Container x 

Fertilizer 

4 11.35242 1.54 0.1936 
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APPENDIX E 

 

ANOVA ANALYSIS TABLES FOR CHAPTER 4 
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Chapter 4 ANOVA Analysis Tables 

 

Table 4.1 ANOVA analysis of GA on final germination percentage.  

Source DF Sum of 

Squares 

F Value Pr > F 

Model 4 2189.45 172.17 <.0001 

Gibberellic acid 

(GA) 

4 2189.45 547.3625 <.0001 

 

 

Table 4.2. ANOVA analysis of stratification (W / C) on final germination percentage.  

Source DF Sum of 

Squares 

F 

Value 

Pr > F 

Model 2 165.1667 42.47 <.0001 

Stratification 2 165.1667 42.47 <.0001 
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Table 4.3: ANOVA analysis of mechanical scarification (seconds) and stratification 

(days) on final germination percentage. 

Source DF 

SS Type 

I 

F 

Value Pr > F 

Model 19 47630.55 8.43 <.0001 

Scarification 4 41695.68 35.07 <.0001 

Stratification 3 689.25 0.77 0.5137 

Scarification x 

Stratification 12 5245.625 1.47 0.1609 

 

 

 

Table 4.4: ANOVA analysis of mechanical scarification (seconds) of new and worn 40 

grit sandpaper on final germination percentage. 

Source DF 

SS Type 

I 

F 

Value Pr > F 

Model 9 39861.73 24.15 <.0001 

Scarification 4 33237.35 45.31 <.0001 

Sandpaper 1 4708.9 25.68 <.0001 

Scarification x 

Sandpaper 4 1915.475 2.61 0.0552 
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Table 4.5. ANOVA analysis of mechanical scarification (seconds) of new and worn 40 

grit sandpaper on T50 values. 

Source DF 

SS 

Type I 

F 

Value Pr > F 

Model 9 366 18.48 <.0001 

Scarification 4 353 40.11 <.0001 

Sandpaper 1 3.6 1.64 0.2106 

Scarification x 

Sandpaper 4 9.4 1.07 0.3895 

 

 

 

Table 4.6. ANOVA analysis of mechanical scarification (seconds) of new and worn 40 

grit sandpaper on T90 values.  

Source DF 

SS 

Type I 

F 

Value Pr > F 

Model 9 672.1 5.05 0.0004 

Scarification 4 369.1 6.24 0.0009 

Sandpaper 1 211.6 14.31 0.0007 

Scarification x 

Sandpaper 4 91.4 1.55 0.2144 
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APPENDIX F 

 

ANOVA ANALYSIS TABLES FOR CHAPTER 5 
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Chapter 5 ANOVA Analysis Tables 

 

Table 5.1. ANOVA analysis of fertilizer and container type (Cone-tainer and 4-inch 

square pot) on plant height measurements (mm). 

Source DF 

Sum of 

Squares 

Mean 

Square 

F 

Value Pr > F 

Model 9 380370.9 42263.44 29.52 <.0001 

Container 1 26194.46 26194.46 18.3 <.0001 

Fertilizer 4 333057.4 83264.35 58.16 <.0001 

Container x 

Fertilizer 4 21119.07 5279.768 3.69 0.007 

 

 

Table 5.2. Effect of fertilizer and container type (Cone-tainer and 4-inch square pot) on 

flowering occurrence per treatment (n=140 plants total). 

Source DF 

Sum of 

Squares 

Mean 

Square 

F 

Value Pr > F 

Model 9 16.89 1.8766 13.67 <.0001 

Container 1 0.9461 0.9461 6.89 0.0097 

Fertilizer 4 14.0441 3.511 25.57 <.0001 

Container x 

Fertilizer 4 1.8997 0.4749 3.46 0.0101 



149 

 

Table. 5.3. ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer (mg nitrogen/L) on plant spread (mm) 

Source DF 

Sum of 

Squares 

Mean 

Square 

F 

Value Pr > F 

Model 9 1029385 114376.1 88.01 <.0001 

Container 1 76252.71 76252.71 58.68 <.0001 

Fertilizer 4 939585.7 234896.4 180.76 <.0001 

Container x 

Fertilizer 4 13546.14 3386.534 2.61 0.0387 

 

 

 

Table 5.4. ANOVA analysis container type (Cone-tainer and 4-inch square pot) and 

fertilizer (mg nitrogen/L) on SDW (g). 

Source DF 

Sum of 

Squares 

Mean 

Square 

F 

Value Pr > F 

Model 9 499.4239 55.4915 66.75 <.0001 

Container 1 117.2265 117.2265 141.02 <.0001 

Fertilizer 4 348.9463 87.2365 104.94 <.0001 

Container x 

Fertilizer 4 33.251 8.3127 10 <.0001 
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Table 5.5.  ANOVA analysis of container type (Cone-tainer and 4-inch square pot) and 

fertilizer (mg nitrogen/ L) on RDW (g). 

Source DF 

Sum of 

Squares 

Mean 

Square 

F 

Value Pr > F 

Model 9 9.9556 1.1061 25.37 <.0001 

Container 1 3.3743 3.3743 77.39 <.0001 

Fertilizer 4 6.0241 1.506 34.54 <.0001 

Container x 

Fertilizer 4 0.5571 0.1392 3.19 0.0154 

 

 

 

Table 5.6. ANOVA analysis of fertilizer (mg nitrogen/ L) on root-to-shoot ratio (g/g) 

Source DF 

Sum of 

Squares 

Mean 

Square 

F 

Value Pr > F 

Model 9 6.7286 0.7476 7.12 <.0001 

Container 1 0.2791 0.2791 2.66 0.1054 

Fertilizer 4 6.1683 1.542 14.68 <.0001 

Container x 

Fertilizer 4 0.2811 0.0702 0.67 0.6145 
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SURVEY QUESTIONS FOR CHAPTER 6 
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Chapter 6 Survey Questions 

 

Table 5.1. Questions included on the 2015 survey of Montana native plant nurseries. 

1. Do you grow or supply native plants in the state? 

2. In what region are you located? 

3. What position is your role within your business? 

4. When was your business created? 

5. Are you a retail, wholesale or a combination of both retail and wholesale 

6. Why do you supply or grow native plants? 

7. What are the most common 5-10 native plant species that you sell? 

8. What is an average dollar value of the native plants which you may have sold in 

2012-2013? 

9. What is an average dollar value of the non-native plants which you may have sold 

in 2012-2013? 

10. What is a challenge to your business prohibiting supply or sale of more native 

plant species? 

11. In your experience, has there been a native plant species which you wish to grow 

but the growth or germination of this species has been difficult? 

12. How do you keep up to date with native plant species which you would like to 

grow or sell? 
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13. Would you be interested in participating in a listserv to receive email notifications 

and updates to free networking and professional development opportunities for 

growers and nurseries involved in the native plant material market?  

14. Would you be interested in displaying educational information (brochures, fliers, 

etc.) on the growth and maintenance of native plant material? 

 

 


