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Veratrum californicum (common name: corn lily) is a wild plant species that grows in the 

Intermountain West, its range extending from British Columbia to Mexico. Corn lily is of interest 

because it has the potential to provide pharmaceutical precursors for use in the treatment of 

cancer. Pharmaceutical companies are currently running clinical trials of new drugs that use 

these precursors. As such, a sustainable supply of corn lily is needed if these drugs are ever to 

enter the market. Unfortunately, wild populations of corn lily will not be able to meet the 

market demand. Therefore, it is necessary that horticultural guidelines be established so that 

corn lily can be grown in an agricultural setting.  

Establishing irrigation criteria is one crucial component in this process, as corn lily grows in 

naturally wet areas and will most likely require supplemental irrigation in an agricultural setting. 

In order to determine the appropriate level of irrigation for corn lily, an appropriate range of 

irrigation levels to test in a field trial must be determined. Plant success as a function of 

irrigation level can then be measured. In order to determine what irrigation levels should be 

tested, the OSU Malheur Experiment Station monitored the natural environment of corn lily at a 

variety of locations over the course of four seasons. Results showed that for the majority of its 

growing season, corn lily occupies a narrow environmental niche where soil water tension 

ranges from 0 kPa to 30 kPa. With this information, irrigation levels ranging from 5 kPa to 30 kPa 

were chosen for irrigation trials.  

In 2009, corn lily plots were established at Ontario, Oregon and McCall, Idaho.  Irrigation trials 

were run in 2010, 2011, and 2012 at Ontario and McCall. Plots were assigned to five irrigation 



               

treatments: 5 kPa (added halfway through the 2010 growing season), 10 kPa, 15 kPa, 20 kPa, 

and 30 kPa. Collectively, the data indicate that the 5 and 10 kPa treatments are most conducive 

to corn lily survival and growth. In addition, the observed data are consistent with the 

hypothesis that soil moisture levels in the first month of growth may be the most important 

determinant in plant growth and survival.
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Establishing Irrigation Criteria for Cultivation of Veratrum californicum 

INTRODUCTION 

The research reported here is part of a larger research project, the goal of which is to establish 

cultivation criteria for Veratrum californicum, a wild species with medicinal properties. 

Relatively little is known about this plant, making this task more difficult. This chapter will focus 

on the valuable medical properties of the plant, factors important to successful plant cultivation, 

botanical characteristics of V. californicum, and the challenges associated with cultivating wild 

plants. 

Project Background 

Veratrum californicum, also known by its common names of California False Hellebore and corn 

lily (Figure 1.1), is a perennial species in the Liliaceae native to western montane environments 

(USDA). Until recently, corn lily was considered a noxious weed by rangeland managers, as 

ingestion of corn lily by grazing animals causes developmental abnormalities in their offspring in 

utero (Ralphs 2002). The corn lily alkaloid responsible for these birth defects is called 

cyclopamine. This alkaloid is found in the roots and rhizome (and lower amounts in the leaves) 

of the corn lily plant. If ingested or absorbed through the skin, cyclopamine is a potent 

compound that inhibits the canonical Hedgehog (Hh) pathway, a crucial biological pathway 

involved in tissue patterning during fetal development.  

 

Figure 1.1. A wild population of corn lily. Photo credit: C.C. Shock (MES).
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Research has shown that tumor growth in several types of cancer, most notably basal cell 

carcinoma and pancreatic cancer, is associated with an overactive Hh pathway in adults 

(Heretsch, Tzagkaroulaki, and Athanassios 2010, Tremblay et al. 2009). By suppressing this 

pathway, cyclopamine and its chemical derivatives can halt tumor growth, and in some cases, 

actually help to shrink tumors in cancer patients. Infinity Pharmaceutical has taken this research 

and patented a new cyclopamine-based drug, IPI-926 (now named Saridegib). As reported by 

Infinity Pharmaceutical, this drug has performed well in Phase I and Phase II clinical trials in its 

ability to treat several rare bone and skin cancers. Suppression of the Hh pathway is believed to 

be safe for an adult person, although this area of research is ongoing and preliminary studies 

show that there may also be some undesirable side effects (Hoyhannisyan, Matz, and Gebhardt 

2009).  

Establishing horticultural guidelines for growing corn lily in cultivation with expediency is of 

utmost importance, as cyclopamine cannot be made synthetically and must be extracted from 

corn lily roots or produced by some tissue culture technique not discussed here. Natural 

populations of corn lily are not sufficient to meet the demand of those who will potentially need 

cyclopamine-based drugs. Therefore, if the demand for cyclopamine increases, it may become 

essential to understand the conditions that allow this plant to thrive in an agricultural setting so 

that it may be grown on a large scale.  

Important Factors in Successful Cultivation 

Determining the optimum conditions for growth of corn lily is a substantial undertaking.  

Relatively little is known about corn lily and even less is known about how to cultivate it. Several 

research teams over the past century have tried and failed to bring it under cultivation (Taylor 

1956). Much of the difficulty in cultivating corn lily may be related to its extreme sensitivity to 

changes in its environment. We hypothesize that the lack of success in cultivation of this plant is 

likely due to its specific nutrient requirements and water requirement, both of which were 

unknown at the start of research at the OSU Malheur Experiment Station (MES). In addition, 

corn lily cultivation is made difficult by low seedling establishment rate.  

Significant progress in understanding corn lily nutrition has been achieved at MES. A thorough 

soil survey revealed that corn lily tends to favor acidic soils (pH of 6.3) that are very high in 
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calcium (mean calcium content of 2279 ppm) (Shock and Shock 2012). These two soil 

characteristics are not often found together in nature. The addition of calcium to corn lily field 

trials has resulted in increased corn lily survival (Shock et al. 2011a).  

Large scale plant production begins with a seed. Research at MES has focused on achieving 

successful plant establishment from direct seeding of corn lily. A myriad of environmental 

factors can cause low seedling emergence and establishment (Shock et al. 2012a). However, 

seed germination rates of almost 100% have been achieved (Taylor, 1956). 

The procedure for transplanting corn lily was also unknown prior to research at MES. While 

transplanting is not a viable method of mass production, knowledge of how to transplant a 

species is essential for conducting field trials. Previous attempts to transplant corn lily have 

failed. Corn lily has a very deep root system which is unavoidably damaged during the transplant 

process. Serious damage to the root system may lead to loss of nutrient and carbohydrate 

reserves and the ability to absorb water and nutrients.  Part of the nutrient and carbohydrate 

reserves is stored in the corn lily rhizome. Research at MES has shown that these plants are 

extremely sensitive to root breakage that occurs during the transplanting process and moderate 

desiccation that may occur prior to transplanting. Improved transplanting methods have 

markedly increased corn lily survival at MES (Shock et al. 2012b). 

Factors likely to be important in successful cultivation include soil physical properties, soil 

temperature, air temperature, day length and light intensity.  Determining the actual 

environmental conditions where corn lily grows in natural settings could help to identify the 

best geographical regions for cultivation of this species. In addition, information about the 

effects of fertilization (when and how much?) and weed control (what types of herbicides and 

how often?) are important for successful large scale agricultural production. 

Questions concerning optimal conditions for corn lily growth with respect to soil physical 

properties, soil moisture, nutrient regime, day length and temperature requirements, as well as 

timing of transplanting or seeding and the nature of the plant life cycle will need to be answered 

before large scale production can begin. These questions are also extremely difficult to answer, 

as cultivation of this wild plant – and wild plants in general – poses a unique set of challenges 

which are discussed in later paragraphs.  
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The research at MES aims to fill several critical gaps in knowledge of Veratrum californicum 

growth in order to advance the science of wild plant cultivation, and the cultivation of this 

species. Research over the past three years has focused on (and achieved) the following: 

 Characterizing the soil nutrient content and moisture conditions of native corn 
lily populations 

 Characterizing the soil physical properties associated with native corn lily 
populations 

 Characterizing the air and soil temperature profiles during the growing season in 
native corn lily environments 

 Successful transplantation of corn lily from its native environment to field sites 
at McCall, ID and Ontario, OR by conditioning the soil to mimic natural 
conditions 

 Discovering strategies to encourage greater plant emergence and survival from 
direct seeding 

 Successful protection of corn lily seedlings using shade cloth to protect them 
from intense sunlight and predation 

 Characterizing day length and temperature conditions for optimal growth 

The objective of the research described in this thesis is to characterize the irrigation regime that 

results in maximal corn lily growth.  Because larger plants tend to have larger root systems that 

contain the chemical compound of interest, conditions that maximize growth are also likely to 

maximize cyclopamine yield per plant.  In order to achieve this objective, monitoring of the 

natural environment of corn lily began in the spring of 2009. The goal of the monitoring was to 

characterize the soil and air temperatures experienced by the plant during the growing season, 

as well as the soil moisture regime during the growing season. Environmental monitoring was 

carried out from 2009 to 2012 at several different sites in Oregon, Idaho, and Utah for a total of 

ten site-years of data. The results of this monitoring are presented in Chapter 2. After 

characterizing the natural range of soil water tension values experienced by corn lily in its native 

environment in 2009, values for different irrigation treatments were chosen for irrigation trials 

beginning in the spring of 2010. Plants from various sources were transplanted to field trial sites 

at McCall, ID and Ontario, OR in the fall of 2009, 2010, and 2011. Plant growth was measured at 

both sites in the spring of 2010, 2011, and 2012. Due to technical problems at McCall in the 

spring of 2010 and three hail storms that destroyed corn lily shoots, the trial did not result in 

meaningful data. The results from McCall in 2010 are not reported. Five site-years of irrigation 



5 
 

               

trial results are summarized in Chapter 3. The data contained in this thesis is listed below in 

Table 1.1. 

 

Table 1.1. A summary of the data collected by MES from 2009 t 2012. There were ten site-years 
of environmental data collected between 2009 and 2012, and five site-years of irrigation trial 
data collected between 2010 and 2012. 

Type of Trial/Data Collected Location Years Collected 

Environmental monitoring (soil temp, air temp, soil 

water tension) 

Manti-La Sal, 

Utah 

2009, 2010 

Environmental monitoring (soil temp, air temp, soil 

water tension) 

Fox Creek, 

Oregon 

2009, 2010 

Environmental monitoring (soil temp, air temp, soil 

water tension) 

Fairfield, 

Idaho 

2009, 2010 

Environmental monitoring (soil temp, air temp, soil 

water tension) 

Lower 

Payette, Idaho 

2010, 2011 

Environmental monitoring (soil temp, air temp, soil 

water tension) 

Upper 

Payette, Idaho 

2011, 2012 

Irrigation Trial Ontario, OR 2010, 2011, 2012 

Irrigation Trial McCall, ID 2010*, 2011, 2012 

*this site year is not included in the final analysis 
 
 
Irrigation trials were run from the early spring until the plants senesced each year. Shoot height 

and stalk diameter measurements were taken throughout the growing season. The irrigation 

treatments which produced the largest plants and greatest rate of survival were deemed most 

conducive to corn lily growth. Because root mass is the response variable of interest (as it 

contains the desired chemical compound), establishing a relationship between shoot size 

(height and diameter) and root mass was necessary in determining which irrigation treatment is 

superior. Excavation of corn lily plants at the end of the 2012 growing season helped to establish 

this relationship and confirmed that plant height and diameter serve as good proxies for root 
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mass. The relationships between shoot height, diameter, and root mass are based on the corn 

lily root harvest results discussed in Appendix D.  

Botanical Profile of Veratrum californicum 

Phylogeny and Natural Range 

There are many species within the genus Veratrum, all of which trace their origin to East Asia. 

Currently, there are 13 known species in East Asia, three species in Central Asia and Europe, six 

species in Northeast Asia, and four species in North America.  No Veratrum species have been 

discovered in the southern hemisphere to date. Veratrum californicum is one of four North 

American species. The other three are V. viride, V. fimbriatum, and V. insolitum (Liao, Yuan, and 

Zhang 2007). All four of these species are part of the same phylogenetic clade (Liao, Yuan, and 

Zhang 2007). V. californicum is found largely in the western United States, most notably in 

Idaho, Utah, and parts of Oregon and California (USDA).  

V. californicum grows in montane, subalpine environments, and is generally restricted to wet 

meadows and riparian areas, although hillside and forest populations do occur. These areas 

often experience some degree of snow cover during the winter and early spring. Corn lily 

growing on hill slope locations typically is on sites with deep soil that received heavy snow packs 

that provide prolonged spring moisture. There are also some coastal V. californicum 

populations, though there is some disagreement over whether these plants are a separate 

subspecies (Spjut).  

Phenology and Life History of Veratrum californicum 

The seasonal phenology of corn lily appears to be fairly consistent across its North American 

range (Spjut). Figure 1.2 depicts the seasonal shoot growth of corn lily.  
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Figure 1.2. The changing morphology of corn lily from emergence (left) until the beginning of 

shoot death (right). In McCall, ID, these photos were taken in (from left to right) April, May, 

June, and August. Photographs are not on the same scale. Photo credit: Alison Doniger. 

 

Buds emerge from about 10 cm (4 in.) below the ground after or during snow melt (early to mid-

spring). Leaves often remain vertical for the first part of the growing season. Leaves are 

attached to the main stem, with one leaf per node. Plants that are taller and have thicker stems 

tend to have larger leaves and not necessarily more leaves than smaller plants. Smaller plants 

have smaller leaves and shorter internodes than larger plants 

Flowering may take place in the early summer, though it does not always occur, and when 

plants do flower, only a small proportion flower. Data on the frequency of flowering events for 

Veratrum californicum is not yet available; however, its European relative, Veratrum album, 

flowers infrequently (between 5 and 10% annually) (Hesse, Rees, and Müller-Schärer 2008). In a 

flowering year, one plant will produce many small flowers on a single flower stalk (Figure 1.3). 

Flowering will be discussed at length in a subsequent section.  Plants cease shoot growth and 

shoots begin to dry in the middle of summer. Plant senescence in the irrigation trials at Ontario 

began in July, and began in August at the McCall irrigation trial. 
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Figure 1.3. Corn lily flower stalks. Photo credit: C.C. Shock (MES) 

 

A two to three month growth period is the only opportunity the plant has to photosynthesize 

and replenish the carbohydrate and nutrient reserves in its roots and rhizome. These nutrients 

will be used to initiate growth during the following spring. By the end of the summer, the shoots 

are dead and decomposing on the ground. In some cases, dead flower stalks will remain 

standing into the next season. The roots, rhizome, and growth bud will endure a vernalization 

period underground before shoot growth starts in the following spring (Taylor 1956, Tanner 

1966).  

The life history portrait of corn lily is woefully incomplete. Much of the research within the 

Veratrum genus has focused on Veratrum album. It may be useful to examine life history 

characteristics of V. album in order to better understand V. californicum, as these species are 

very similar morphologically and inhabit similar ecological niches; however, the information on 

V.album is reported here with the understanding that these two plants may have different life 

history strategies, though initial observations do not suggest that that is the case. Using what 

little information is available on Veratrum californicum, as well as information on its relatives, a 

rough life history sketch of corn lily can be drawn. The main topics for the remainder of this 
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section will cover life history as it relates to reproduction, growth rate, and synthesis of 

secondary metabolites.  

Veratrum californicum reproduction takes place both sexually (via flowering) and vegetatively 

(via bud formation on the rhizome). Field observations suggest that both types of reproduction 

occur during one reproduction event. A corn lily plant that flowers one season may have one or 

more buds on its rhizome the following spring (Shock 2012). These buds are clones of the 

original bud, which dies after a flowering event (Parris 2012). Plants do not flower every year, 

and there is little information on what may trigger flowering; however, it has been suggested 

that plant age, habitat (forest versus meadow), and weather conditions during the previous 

season may be good predictors (Hesse, Rees, and Müller-Schärer 2008). There is no current 

published research on how many individuals in a population flower during a given season, and 

there is no data on how many seeds there are per flowering branch. There is no data on the 

success of viable V. californicum seed have in becoming established plants. Therefore, there is 

no way to gauge reproductive success via sexual reproduction versus vegetative reproduction. 

Observations at natural V. californicum sites have indicated that successful seed establishment 

is rare, as seedlings are very few at most sites (Shock 2012). A more detailed reproductive 

account exists for Veratrum album. Flowering in a population of V. album may occur in 5-10% of 

individuals in a given year (Hesse, Rees, and Müller-Schärer 2008). Number of seeds per flower 

stalk depends largely on the size of the plant. A plant with a stalk diameter of 2 cm (0.8 in.) may 

have an average of 1,000 seeds (Hesse, Rees, and Müller-Schärer 2008). Seeds are subject to 

heavy predation by insects causing low seed emergence rates following a heavy seed production 

year (Hesse, Rees, and Müller-Schärer 2008). Despite the cost associated with sexual 

reproduction and the small payoff, sexual reproduction increases the number of offspring per 

plant over the lifetime of the plant when compared with vegetative reproduction (Hesse, Rees, 

and Müller-Schärer 2008). 

One of the major obstacles in cultivation of corn lily is its slow growth, a common quality in 

many wild plants. Taylor (1956) estimated that time between seed germination and obtaining a 

reasonable harvest could be as long as ten years. Part of the reason for this slow growth rate 

could be due to climate. Species growing at high altitudes are well adapted to cool 

temperatures, which cause low rates of respiration and growth. To date, there is no established 
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pattern between V. californicum growth rate and site elevation. While rate of plant growth from 

year to year is very slow, shoot growth within one growing season is actually very fast. Shoot 

growth is complete for most corn lily plants in roughly two months. Some of these plants can 

grow to be 2.5 meters (10 ft.) tall, which equates to more than 2.5 cm (1 in.) growth per day 

(Tanner 1966). Shoot growth slows towards the end of the season. There are no data currently 

available on root growth, but research from MES shows that new root growth occurs in the 

spring in the same growth window experienced by the shoot. The majority of corn lily biomass is 

in the roots (Mann 2012); the plant typically has a 10:1 ratio of root to shoot biomass, though 

20:1 ratios were observed in the irrigation trial at MES. MES is currently evaluating when the 

bulk of root growth occurs and investigating factors that may trigger root growth. There are 

some observational data which suggest that V. album root growth may be spurred if the area is 

disturbed by livestock (Hesse, Rees, and Müller-Schärer 2008); however, this accelerated growth 

may instead be the result of selective grazing around corn lily, which gives corn lily a competitive 

advantage.  

The synthesis of cylopamine, a secondary metabolite that is toxic to herbivores, appears to be a 

survival strategy for corn lily. Animals tend to eat around the plant or eat it only as a last resort 

(Ralphs 2002). Cyclopamine concentration varies drastically among and within V. californicum 

populations (Tanner 1966, Keeler and Binns 1971). It is not clear whether this variation is due to 

genetic influences or environmental variables or both. No consistent relationships between 

elevation, water availability, temperature, and metabolite content have been discovered 

(Tanner 1966). There is some speculation that variation in cyclopamine content may be due to 

genetic mutations, as cyclopamine is an intermediary compound on the enzymatic pathway to 

veratramine, an alkaloid that is found in all Veratrum species (Shock 2012). 

Cultivating Wild Plants 

Development of accurate and complete cultivation criteria for a wild plant is no simple task. 

While many wild species can be grown in backyard gardens, successful commercial production 

of a wild species in an agricultural setting is a much more difficult. Very little research exists on 

cultivation of wild species. Much of the current research and literature on plant cultivation 

focuses on domesticated plants that were brought under cultivation by humans hundreds or 

thousands of years ago. Domesticated plants have been subject to many generations of 
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selective pressures exerted by humans, and are well adapted to agricultural environments 

(Chapin 1980). The goal of research on domesticated crops is to refine the already existing 

knowledge of how to grow a particular plant species. Establishing growing guidelines for a wild 

plant presents a unique challenge, as wild plants have not been subject to the same selective 

pressures as domesticated crop plants. They are physiologically different and extremely well 

adapted to their native environments, unlike their domesticated relatives. This means that 

conventional agricultural wisdom on how to encourage plant growth and increase yields may 

not directly apply to undomesticated species.  

Nutrient use is one arena in which natural selection pressures may be diametrically opposed to 

artificial selection pressures imposed by humans. Domesticated species are well adapted to 

thrive in environments where nutrient supply is plentiful. These species often have a high rate of 

nutrient uptake which translates to greater plant biomass and larger yields (Chapin 1980). Wild 

plants growing in nutrient limited environments do not necessarily respond to nutrient inputs in 

the same way as domesticated species. Many wild species, especially those growing in less 

fertile environments, absorb nutrients very slowly even when nutrients are made abundant 

(Chapin 1980). These plants often grow slowly and have extensive root systems, sometimes 

accompanied by mycorrhizae, which aid in nutrient uptake. Indeed, high concentrations of soil 

nutrients can sometimes hinder growth, as reported by Taylor, on Veratrum viride (1956). 

Veratrum californicum is adapted to a very specific soil nutrient environment which will be 

discussed in Chapter 2.  

Plant water use and water stress response in wild plants may also differ greatly from 

domesticated species. Domesticated plants often have different mechanisms for dealing with 

water stress because they are selected for performance rather than drought tolerance. Often, 

domesticated plants may experience a dramatic decrease in yield or even death when faced 

with drought. Wild plants may be adapted to handle inundation and/or dry periods and do not 

necessarily thrive when water is added to the system. For instance, wildflower cultivation 

studies at MES have shown that overwatering can cause plant disease and fungus, as well as 

encourage weed growth (Shock et al. 2012b). In the case of corn lily, soil that is too wet for 

months at a time or has poor drainage can cause rhizomes to rot in the field. Wild plants also 

tend to have much larger, deeper root systems, which can cushion against the effects of 
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drought.  Domesticated species, such as onion and potato, have very shallow roots making them 

solely dependent on precipitation or supplementary water for survival. 

Wild plants are also not typically well equipped to out-compete weeds and ward off herbivores 

found in an agricultural setting (Shock et al. 2012b). Weeds in agricultural fields are well 

adapted to take full advantage of plentiful fertilizer and water. Weeds often have very fast 

vegetative growth, effectively competing with other species for light, water, or nutrients (or all 

three). Native wild plants may not employ similar tactics, and, as a result, they may be unable to 

compete with weeds. In addition, any adaptations a wild plant may have developed against its 

own native herbivores would not necessarily be equally effective once the plant is exposed to a 

new set of herbivores. For instance, Veratrum californicum channels a portion of carbohydrates 

towards the production of cyclopamine, a toxic alkaloid. This compound discourages grazing by 

herbivores that live in corn lily’s natural environment. However, this alkaloid might be utterly 

useless against other types of predators (i.e. other insects) in an agricultural setting.  

Conclusion 

Wild plant research at MES will help to advance knowledge of wild plant cultivation. This type of 

research will be helpful in cultivating other wild species, which may be very useful for the 

purposes of land restoration, and protection of endangered wild species that are over-harvested 

by people. In this case, cultivation of a wild species will help make a very valuable medicinal 

plant available to the public. Establishing cultivation criteria for wild species is not trivial, and 

often presents different challenges than similar pursuits for domesticated crop species. Often, 

one of the first steps in learning to cultivate a wild plant is to survey the range of conditions in 

which the plant grows naturally. Chapter 2 discusses four seasons of environmental monitoring 

conducted in the natural habitat of corn lily. 
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CHARACTERIZATION OF THE NATURAL ENVIRONMENT OF VERATRUM 

CALIFORNICUM 

 

Introduction 

Veratrum californicum tends to grow in sub-alpine regions of the Intermountain west at 

elevations greater than 1,000 meters (3,280 ft) (USDA, Spjut). It has been found has high as 

3,000 meters (9,840 ft) at certain sites in Utah (Intermountain Herbarium). V. californicum has 

also been observed at sea level; however, these plants contain no cyclopamine and are 

considered by some to be a separate subspecies (Spjut, Tanner 1966). Corn lily can grow on both 

flat and sloped surfaces (i.e. meadows and hillsides). It is not often found growing on south 

facing slopes. South facing slopes are unable to meet the soil moisture requirement of corn lily, 

as they dry down in the spring much faster than north, east, and west facing slopes (Shock 

2012).  

Because corn lily requires a period of chilling prior to spring bud break, it is often found in areas 

experiencing prolonged snow cover (Taylor 1956, Tanner 1966). Some studies have shown that 

chilling for as little as three months is all that is necessary for germination (Taylor 1956).  By 

monitoring corn lily’s natural environment, MES sought to define the soil and air temperature 

profiles and soil water tension profiles for natural corn lily populations. This information is 

critical to establishing cultivation criteria for this plant. 

Corn lily is found in a variety of habitats: forest, meadow and pasture, and riparian zones. Areas 

with large populations of corn lily will have very moist soils during the spring and early summer, 

often from snowmelt runoff or a shallow groundwater table. No patterns in depth to 

groundwater have been observed (Shock 2012). Corn lily populations in forest areas may be 

many meters away from the water table, while plants in riparian areas may sit only half a meter 

above the water table. Therefore, it is not groundwater depth that is a predictor of where corn 

lily may grow. Rather, initial indicators are that corn lily will grow in areas where the soil stays 

near saturated for long periods of time. Prior to this study, there was no documented 

information concerning the influence of soil-water regime in these natural corn lily populations. 

The goal of the soil moisture monitoring was to discover exactly how wet the soil becomes and 
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how long the soil takes to dry down in areas where corn lily occurs and in adjacent areas where 

it does not grow. This information can then be used to discern the soil water tension that corn 

lily requires during its major period of shoot growth. 

Soil testing done by MES indicates that corn lily occupies a narrow soil niche. Many of the 

characteristics of soils where corn lily is found are rarely found together in nature. Corn lily soils 

are generally a sandy loam, composed of approximately 70% fine sand, with organic material 

ranging from 2 to 25%. Soils were often slightly acidic (pH of 6.3), and had a very high percent 

base saturation (117%) but a medium cation exchange capacity (13.2 meq/100 g). Soils were 

also extremely rich in calcium and iron (Shock and Shock 2012). The importance of calcium and 

iron to corn lily health and survival cannot be overstated - the addition of gypsum and iron 

chelate across all corn lily trials at MES has resulted in increased corn lily survival from 2009 to 

2012. Other Veratrum species also show a disposition for acidic soils rich in minerals. In Poland, 

patches of Veratrum lobelianum have been found even near mine waste heaps (Chmura et al. 

2011).  

For the 2009, 2010, 2011, and 2012 growing seasons, environmental monitoring equipment was 

installed in natural patches of corn lily at five sites. The sites and associated years of monitoring 

are summarized in Table 2.1. The intent of this monitoring was twofold: 1) to characterize the 

soil moisture regime in natural patches of corn lily, 2) to better understand how soil and air 

temperatures play a role in seedling emergence and plant growth and survival.
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Table 2.1. Summary of sites subject to environmental monitoring. All sites recorded were above 1,000 meters elevation. Three      

sites have riparian characteristics, while the other two sites had a combination of wet meadow and hillside. Soils are often well 

drained 

Site Name Site Location Years of 

Data 

Elevation Environmental 

Description 

Species in Plant 

Community 

Soil Type Slope/ 
Aspect 

Fox Creek Blue 
Mountains, 

Oregon 

2009, 
2010 

1,736 m 
(5,696 ft) 

Riparian area Willows, aspen, 
stinging nettle, 

sedges, western 
coneflower 

Bouldrock-
Kilmerque 
complex, 

sandy 
loam, well 
drained

1 

1-2% slope, 
South 

easterly 
aspect 

Fairfield Sawtooth 
Mountains, 

Idaho 

2009, 
2010 

1,651 m 
(5,417 ft) 

Riparian area Willows, aspen, 
stinging nettle, 

sedges, western 
coneflower 

Rands 
loam, well 

drained 

0-1% slope, 
southerly 

aspect 

Boulger 
Canyon 

Manti-La Sal 
Ntl. Forest, 

Utah 

2009, 
2010 

2,760 m 
(9,055 ft) 

Wet meadow, 
sparse forest, 

hillside 

Willows, aspen, 
sedges, western 

coneflower 

(no NRCS 
data), 

sandy loam 

2-4% slope, 
southerly 

aspect 

Lower Payette Central 
Mountains, 

Idaho 

2010, 
2011 

1,480 m 
(4,856 ft) 

 

Riparian area Willows, aspen, 
sedges 

Duston 
sandy 

loam, well 
drained

1 

4-5% slope, 
easterly 
aspect 

Upper Payette Central 
Mountains, 

Idaho 

2011, 
2012 

1,577 m 
(5,174 ft) 

Wet meadow, 
sparse forest, 

hillside 

Willows, aspen, 
conifers, forb 

species 

Sudduth 
variant 
loam, 

moderate 
drainage

1 

5% slope, 
easterly 
aspect 

1These soil classifications are an approximation based on data from the NRCS soil survey 
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Materials and Methods  

The Malheur Experiment Station monitored the natural environment of corn lily during the 

2009, 2010, 2011, and 2012 growing seasons for a combined ten site-years of data. This was 

done for the purpose of characterizing the natural soil water regime of corn lily so that the 

appropriate range of soil moisture regimes could be tested during irrigation trials. Air 

temperature at 50 cm (20 in.) height, soil temperature at 20 cm (8 in.) depth, and soil water 

tension at 20 cm depth were monitored throughout the growing season at five sites (Table 2.1). 

Four of the sites had a clear gradation of soil moisture in which corn lily occupied areas that 

were neither too wet nor too dry. The Upper Payette site was the only site that did not have a 

clear gradation of soil moisture. A sixth site at Collins Ranch in southwestern Idaho was also 

monitored, but cattle destroyed the monitoring equipment. 

Two Watermark Monitor dataloggers (Irrometer Co. Inc., Riverside CA) were installed at each of 

the corn lily sites.  The dataloggers were installed in May or as early as was practical and 

remained in the field until the end of the growing season.  The one exception to this is the 

Upper Payette site in 2012, where dataloggers remained in the field throughout the winter. Each 

datalogger at the riparian sites monitored soil temperature, air temperature, and soil water 

tension in three moisture zones: ‘too wet’, ‘corn lily’, and ‘too dry’. These zones were 

subjectively selected based on the particular site. Generally, the instruments from each logger 

were placed along a transect of the site in locations selected to represent a moisture gradation 

from sagebrush or forest(dry) to marsh grass (wet), with corn lily growth in the middle. Two soil 

moisture sensors were installed in each zone, centered at 20 cm depth. Instruments in the areas 

deemed ‘too wet’ or ‘too dry’ for corn lily were installed only two to five meters beyond the 

edge of the zone occupied by corn lily. Tensiometers (Model R, Irrometer Co. Inc., Riverside CA) 

were placed in the wet zone, while Watermark moisture sensors (Model 200SS, Irrometer Co. 

Inc., Riverside CA) were placed in the dry zone. Soil moisture was measured in units of soil water 

tension (kilopascals). This is a measurement of the amount of force required to remove water 

from soil. A high value of soil water tension indicates dry soil, while a value near 0 kPa indicates 

saturation. It is common in agricultural literature to use soil water tension to describe crop 

water requirements.  
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The corn lily zone generally had two Watermark moisture sensors, but may have had 

tensiometers if the ground appeared exceptionally wet. Tensiometers provide accurate readings 

from 0 to 70 kPa, but require frequent maintenance if they dry beyond 20 kPa. Many of these 

sites are very remote, making frequent tensiometer maintenance impossible. Watermark 

moisture sensors were calibrated from 10 to 75 kPa, but can read  beyond 75 kPa (Shock 2003). 

They do not require maintenance, but are not as accurate in the 0 to 10 kPa range. See 

Appendix C for a description of sensor calibration and maintenance procedures.  

Instrumentation at the wet meadow/hillside sites did not follow this protocol. At Upper Payette, 

because there was no clear gradation of soil moisture or change in vegetation in the landscape, 

instruments were placed only in areas where corn lily occurred. Air temperature was monitored 

at 50 cm height and soil moisture was monitored at 20 cm depth. At Boulger Canyon, only wet 

meadow with corn lily and the adjacent dry forest with sagebrush were monitored. At Boulger 

Canyon in 2009, air temperature instruments measured at 50 cm height, and soil moisture 

instruments measured at 20 cm depth. In 2010, soil moisture sensors measured at 20 cm and 50 

cm depth. Dataloggers were programmed to read the instruments every hour. Data were 

downloaded several times throughout the season. A moisture profile for each site year is shown 

in Figures 2.1a-2.1j. The daily average soil temperature and daily average air temperature for all 

sites are also displayed in these figures. 

Monitoring at many of these sites began as soon as it was possible to access the sites in the 

spring. Snow cover and snow melt made many of the dirt roads impassable. Often, this meant 

that instrumentation was not installed until after bud emergence and plant growth had already 

commenced, so records lack air temperature, soil temperature, and soil water tension data 

during bud emergence for most sites. The one exception is the Upper Payette site in 2012, 

where the instrumentation was installed the previous year. Field observations indicate that bud 

emergence and snow melt occur around the same time. Therefore, day of bud emergence can 

be approximated and information from others was also used. 
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Results 

Ten site-years of environmental monitoring data were collected between 2009 and 2012. A soil 

moisture profile and a daily air and soil temperature profile are reported for each site-year in 

Figures 2.1a – 2.1j. Soil moisture at the riparian sites differed considerably from soil moisture at 

the meadow and hillside sites. Corn lily patches at the riparian sites generally stayed under 50 

kPa for the duration of the growing season, while corn lily patches at hillside and meadow sites 

dried to 100 kPa after a month of growth. Air and soil temperatures varied among sites. Peaks in 

air temperatures often corresponded to soil drying. Figures 2a-2j (below) illustrate the moisture 

regime that characterizes areas in which corn lily occurs, as well as adjacent areas that are dryer 

or wetter in which corn lily does not occur naturally. 
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Figure 2.1a. Soil water tension and daily average temperature data Fox Creek, OR in 2009. Snow 

cover melted and plants emerged in the second week of May.  

 
Figure 2.1b. Soil water tension and daily average temperature data for Fox Creek, OR in 2010. 

Snow melted occurred and plants emerged at the beginning of June. 
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Figure 2.1c.  Soil water tension and daily average temperature data for Fairfield, OR, 2009. Snow 

melted and plants emerged at the beginning of May. 

 

 
Figure 2.1d. Soil water tension and daily average temperature data for Fairfield, OR, 2010. Snow 

melt occurred and corn lily emergence began in early May.           
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Figure 2.1e. Soil water tension and daily average temperature data for Boulger Canyon, UT, 
2009. Snow melt occurred and corn lily emergence began in mid-June. 

Figure 2.1f.  Soil water tension and daily average temperature data for Boulger Canyon, UT, 
2010. Snow melt occurred and plant emergence began in mid-June.  
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Figure 2.1g. Soil water tension and daily average temperature data for Lower Payette, ID, 2010. 
Snow melt occurred and plant emergence began in early May. 

 

 
Figure 2.1h.  Soil water tension and daily average temperature data for Lower Payette, ID, 2011. 
Snow melt occurred and plant emergence began in early May. 
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Figure 2.1i. Soil water tension and daily average temperature data for Upper Payette, ID, 2011. 
Snow melt occurred and plant emergence began in mid-May. 

 

 
Figure 2.1j. Soil water tension and daily average temperature data for Upper Payette, ID, 2012. 
Snow melt occurred and plant emergence began in late April. 
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Discussion 

The objective of monitoring these sites was to gain information about the natural environment 

of corn lily. As it pertains to the irrigation trials, the goal of the monitoring was to characterize 

the natural soil moisture regime experienced by corn lily during its growing season. With the 

information from 2009, different treatment levels for the irrigation trials were chosen. 

Corn lily’s growing season lasted approximately three months, from bud emergence to the start 

of senescence. The plant remained green and may experience seed maturation in the ensuing 

months, but the growing season was effectively over. The plant grows rapidly in its first two 

months, and more slowly in its third month. In order to better understand the soil moisture 

environment experienced by the plant during these different growth stages, the soil water 

tension for each month of growth at each site year was examined independently. Table 2.2 

below summarizes the soil water tension range during each month at each site year. 

Table 2.2. A summary of the range of soil water tension values experienced during each month 

of the growing season for corn lily at each site-year. The growing season begins at bud 

emergence, and ends when the plant begins to senesce. Corn lily does not grow substantially 

beyond its second month. Soil moisture during the first month of growth is fairly uniform across 

sites and years, falling between 0 and 20 kPa. During the second month, most sites remain 

under 40 kPa. The third month varies widely among site-years. 

 
*These ranges were approximated due to incomplete data 
 

Many of soil water tension ranges for the first month were approximated using subsequent data 

because instrument installation occurred after bud emergence. Many of the soil water tension 

Site/Year

Fox Creek 2009

Fox Creek 2010

Fairfield 2009

Fairfield 2010

Boulger Canyon 2009

Boulger Canyon 2010

Lower Payette 2010

Lower Payette 2011

Upper Payette 2011

Upper Payette 2012 125-250 kPa

0-5 kPa*

0-5 kPa*

0-15 kPa*

10-15 kPa 15-120 kPa

0-5 kPa

0-5 kPa

15-65 kPa

0-15 kPa

0-20 kPa

65-220 kPa

0-5 kPa* 0-20 kPa 20-50 kPa

15-90 kPa

5-70 kPa0-25 kPa*

90-115 kPa

15-50 kPa

0-5 kPa* 0-5 kPa* 5-40 kPa

0-20 kPa 0-35 kPa 0-70 kPa

0-15 kPa

First Month

0-5 kPa* 5-25 kPa 10-50 kPa

Second Month Third Month
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ranges for the first month fell between saturation (0 kPa) and 30 kPa. In other words, for the 

first month of its growth, corn lily experienced very wet conditions at all sites. The plant 

experienced a progressive drying into the second month, though conditions remained very wet 

for the riparian sites. The third month is considerably drier for many sites, though Fairfield and 

Lower Payette remained very wet.  

Abundant water may be most crucial during the two months post emergence, as a majority of 

plant growth occurs during this time. Perhaps a slight drying during this period could result in 

stunted growth or even death. Beyond two months, a drying may not affect the success of the 

plant. This possibility is explored further in Chapter 3. Without consideration of the sometimes 

extreme differences between the first and third months of soil water tension values, treatment 

levels for the irrigation trials were chosen based on the first two months of data at the 2009 

sites. 

The data showed major differences in soil moisture regime between riparian and 

hillside/meadow sites. In general, the hillside locations where corn lily grows became dry much 

faster than the riparian sites. This discrepancy suggests that corn lily can thrive in two distinct 

environments, which is unusual. There are a few explanations for the apparent success of the 

plant in these two different environments. One possible reason is simply that corn lily can 

tolerate much drier soils than indicated by data from the riparian sites, but is adapted to handle 

very wet environments as well. A second possibility is that plants growing at the hillside sites 

employ a different growth strategy than plants at wetter sites. A study by Hesse, Rees, Müller-

Schärer (2008) showed that V. album plants growing in forested areas grow more slowly than 

plants in meadows and pastures. Given that soils at the Upper Payette and Boulger Canyon site 

dry quickly, it is possible that corn lily completes its major period of growth rapidly before the 

soil becomes too dry.  A third possible explanation could be that abundant water early in the 

growth cycle is what matters most to the growth and success of corn lily. Table 2.2 shows that 

for the first month of growth, soil water tension at all sites remains under 30 kPa. Perhaps it 

does not matter significantly if corn lily soils dry out past the first month of the growth cycle. If 

this is the case, then the riparian sites and the hillside sites are not as distinct from the plant’s 
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perspective, provided that the hill sides have deep water-retentive soil and receive heavy snow 

pack. 

Temperature data indicate that the plant prefers cooler environments before and after plant 

emergence. Before emergence, corn lily and its seed require a vernalization period of several 

months to break dormancy. Thus, it is common to find these plants at high elevation where they 

experience snow cover in the winter. After bud emergence, corn lily thrives in temperate 

weather. Intense sunlight and warm temperatures in Ontario appear to stress the plant. 

Experimental plots of corn lily at Ontario showed that corn lily planted in the shade appears 

healthier than corn lily planted in direct sunlight (data not shown). This is indicative of low heat 

tolerance. The high temperatures during the summer in Ontario, which are an average of 6°C 

(10°F) warmer than those in McCall (Appendices B1 and B2), may slow corn lily growth by 

damaging photosynthetic proteins or cell membranes (Howarth 2005, Sullivan and Eastin 1974). 

Physiological data on heat tolerance of corn lily is not currently available, so these hypotheses 

are speculative. 

It should be noted that the soil moisture and temperature instruments were installed at a depth 

of 20 cm, which is the approximate depth of the rhizome and the start of the root system; 

however, the plant’s roots may penetrate beyond a meter, where the soil may wetter and there 

is less variation in temperature. Moisture and temperature regime measurements at such a 

great depth would be more difficult to obtain at some of these corn lily sites. In addition, 

moisture conditions at greater depths might not have been relevant in constructing an irrigation 

trial, as only the rhizomes and several inches of roots were transplanted.  

Monitoring the natural environment is the first step in establishing cultivation criteria. With this 

information, sites favorable to corn lily growth can be selected for cultivation, and/or suitable 

conditions can be created before cultivation. The data reported here provide a very narrow 

range of soil water tension values favored by corn lily during its major growth period. The 2009 

season’s data were used to select five irrigation treatments to be tested in the field.
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IRRIGATION TRIALS (2010, 2011, 2012) 

 

Introduction 

Corn lily often grows along riparian buffer zones and other moist mountainous sites, which tend 

to be ecologically fragile. The cultivation of corn lily in more stable sites distant from riparian 

zones will likely require supplemental irrigation. Defining the optimum irrigation requirement is 

necessary when considering cultivation guidelines for any plant, wild or domesticated. Under-

watering, as well as over-watering, can lead to plant death, disease, mineral deficiencies, or a 

decrease in yield. Typically, irrigation criteria can be defined in units of soil water tension 

(measured in units of kilopascals) or available soil water (%). Soil water tension is defined as the 

amount of pressure the plant exerts in order to take up water from the soil. Exposing plants to 

different soil water tension criteria and measuring a growth response allows a comparison 

among irrigation treatments.  

The objective of the irrigation trials was to determine which irrigation criterion would be best 

suited to the water needs of corn lily. That is, the criterion most conducive to corn lily growth 

and survival. The environmental monitoring data discussed in Chapter 2 suggests that corn lily 

prefers an environment between 0 kPa (saturation) and 30 kPa (visibly wet) in its first month of 

growth. Irrigation treatment criteria were chosen based on this range of values. Five irrigation 

treatments of 10 kPa, 15 kPa, 20 kPa, 25 kPa, and 30 kPa soil water tension (or SWT) were 

chosen for the 2010 irrigation trials at Ontario, OR and McCall, ID. The 25 kPa treatment was 

then switched to a 5 kPa treatment in the middle of the 2010 trials. These same five treatments 

(5, 10, 15, 20, and 30 kPa) were used during the 2011 and 2012 irrigation trials. It should be 

noted that this is an incredibly narrow range of soil water tension values from which to obtain a 

differential growth response. All of these treatments are very wet. As a comparison, potatoes 

are irrigated at 60 kPa in Ontario soils, and alfalfa is irrigated at 200 kPa in Ontario soils (Shock 

and Wang, 2011).  

Plant height and stalk diameter were used as response variables to determine the level of 

success for each treatment. At the end of 2012, plants were excavated so that root mass could 
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be measured. Root mass is the response variable of interest because it contains the chemical 

compound. Measuring root mass is a destructive practice and would have defeated the 

objective of this trial. Plant height and diameter were established as fairly accurate predictors of 

root mass (Appendix D). 

 

Materials and Methods 

Two sites were selected to host irrigation trials: Ontario, OR and McCall, ID. The Ontario site is 

on the Malheur Experiment Station, and was selected for ease of access and because the soils at 

Ontario are ideal for growing many crops. The McCall site was selected because corn lily grows 

naturally in the area, making it an ideal place to run an irrigation trial with little interference 

from detrimental environmental variables. The trial at the McCall site was installed on soil that 

is very droughty, only supporting sagebrush. The sites are summarized in Table 3.1 below. 

Further weather data for 2010, 2011, and 2012 for both of these locations can be found in 

Appendices B1 and B2. 

Table 3.1. Summary of irrigation trial sites. Annual precipitation and temperature information is 

a 10 year average for both sites. Growing season information is based on field observations. 

McCall is cooler than Ontario for most of the year and receives more precipitation. 

Site Location Elevation 
Annual 

Precipitation 

Mean 
Annual 

High (°C) 

Mean 
Annual 

Low (°C) 

Growing 
Season 

Ontario, OR 
N 43.98   
W 117.02 

656 m 
(2154 ft) 

22.6 cm 
(8.9 in) 

39.5 -15.2 
Mid-March- 
July 

McCall, ID 
N 44.83    
W 116.16 

1492 m 
(4896 ft) 

95.0 cm 
(37.4 in) 33.4 -27.4 

Mid April -
August 

 

 

Experimental Design 

The layout of the irrigation trial plots is depicted in Appendix A1 for Ontario and A2 for McCall. 

Irrigation main plots were identical at both Ontario and McCall, except for compass orientation. 

The McCall trial was oriented lengthwise approximately from North to South, and the Ontario 
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trial was oriented from East to West. Each trial consisted of 20 main plots divided evenly into 

four blocks (five plots each). Five irrigation treatments (5 kPa, 10 kPa, 15 kPa, 20 kPa, and 30 

kPa) were randomly assigned within each block, so that each plot within a block received a 

different treatment. Plots were further divided into four split plots. Each split plot contained 

plants from a different source location (or ‘selection’).  For ease of reference, the word 

‘selection’ in this paper refers not only to the source location of the plant, but also to the year 

during which the plant was transplanted. For example, Utah 2009 and Utah 2010 would refer to 

separate selections even though both plantings originate from Utah. The position of each 

selection within each main plot for all trial years is shown in Appendices A1 and A2. In 2009, 

only two selections were transplanted into the trial site, meaning that only two split plots were 

occupied during the 2010 growing season. In the fall of 2010, another selection was added. In 

the fall of 2011, selections planted in 2009 were removed from the field due to low survival, and 

three new selections were planted.  

A split plot may contain up to fourteen plants (seven in the inner row, seven in the outer row). 

Many split plots had fewer than fourteen plants, as some plants did not survive the transplant. 

As designed, there were no significant differences among plots in terms of total weight of 

rhizomes planted for any given year. The plants in the inner rows of the treatment were the only 

plants measured for height, diameter, and survival. Bulb yield was also measured in 2012 when 

the plants were excavated. Measuring only the inner rows cautions against possible edge effects 

of the irrigation treatments.  
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Figure 3.1. Photo of irrigation trial at Ontario (2012). Photo credit Alison Doniger 

Plant Collection and Transplanting 2009 

Corn lily rhizomes for these trials were collected from the wild and transplanted into plots at the 

two sites described above. At least 280 plants from each selection were required for one trial 

site. On October 12, 2009, rhizomes with roots were dug from Manti-La Sal National Forest in 

Utah (N 39.62, W 111.28, elev. 2,908 m (9,540 ft)) and the Sawtooth Mountains, Idaho (N 43.45, 

W 114.81, elev. 1,668 m (5,472 ft)) on October 9 and 10. Collected plant material was 

transported on ice to Ontario. The rhizomes were stored in a cooler kept at 1°C (34°F) and 80% 

humidity to prevent drying. Dirt was not removed from rhizomes in order to avoid extra 

disturbance of the root system. On October 20, rhizomes were subjectively sorted into three 

size categories (small, medium, and large) so each main plot would receive the same total 

weight of rhizomes. Twenty-eight rhizomes (fourteen per selection) per plot were weighed and 

dusted with dry Captan (5% Captan) to prevent fungal growth. The rhizomes were planted 50 

cm (20 in.) apart on 76 cm (30 in.) beds immediately after treatment.  On October 20 at Ontario, 

the rhizomes were planted with the growth bud oriented up 8 cm (3 in.) below the soil surface. 

All plants at Ontario were irrigated for 24 hours on November 24, 2009 because of a dry 

autumn. Planting at McCall occurred on November 2 and 3. Half of each plot was left empty for 

2010 transplants. A diagram of the 2009, 2010, and 2011 transplants by selection is shown in 

Appendix A1 for Ontario and A2 for McCall.  
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Plant Collection and Transplanting 2010 

The collection and sorting procedure for 2010 was similar to that of 2009 with several noted 

differences.  In early October, rhizomes were only collected from Manti-La Sal National Forest, 

UT (N 39.57, W 111.28, elev. 2,849 m (9,347 feet)), and stored in a cooler kept at 1°C (34° F) and 

80% humidity. Rhizomes were not cleaned. On October 21, rhizomes were subjectively sorted 

into two size classes (medium and large). A “small” size class was made unnecessary by the 

abundance of material collected - only the largest rhizomes were used for the study.  Fourteen 

rhizomes per plot were weighed and dipped in rooting hormone (indole-3-butyric acid) and 

dusted in gypsum. No Captan was used in 2010 because results of a transplant study did not 

show that Captan improved survival or growth (Shock et al. 2011b). The rhizomes were planted 

50 cm apart on 76 cm beds immediately after treatment on October 21 at Ontario and October 

22 at McCall.  The rhizomes were planted with the growth bud oriented up 8 cm below the soil 

surface. Each rhizome received another 50 grams of gypsum in the planting hole to combat 

possible calcium deficiency (Shock et al. 2011a). Large rhizomes were planted on the inner rows 

of the plot, while medium rhizomes were planted on the outside rows of each main irrigation 

plot. One quarter of each main irrigation plot was left unplanted. 

Plant Collection and Transplanting 2011 

The collection and sorting procedures in 2011 were very similar to those for 2009 and 2010 with 

several differences.  In early October, rhizomes from three sites were collected: Fairfield, ID (N 

43.45, W 114.81, elev. 1,668 m (5,472 feet)), Payette, ID (N 44.83, W 116.16, elev. 1,570 m 

(5,150 ft)), and Manti-La Sal National Forest, UT (N 39.62, W 111.28, elev. 2,906 m (9,534 feet)). 

A potato digger was used to collect the plants at Manti-La Sal, which resulted in heavy damage 

to the rhizomes. As in previous years, rhizomes were stored in coolers kept at 1°C (34° F) and 

80% humidity. On October 22, rhizomes were subjectively sorted into two size classes (medium 

and large). The total rhizome weight received by each plot did not vary significantly among 

plots. Rhizomes planted in 2009 were removed from the field due to their low rate of survival 

(55% at McCall, 54% at Ontario), which created room for the 2011 planting. For each plot, 

fourteen rhizomes from each selection were weighed and dipped in rooting hormone (indole-3-

butyric acid) and dusted in gypsum. One liter of dilute rooting hormone (indole-3-butyric acid) 

was poured on each plant. Rhizomes were planted 50 cm apart on 76 cm beds immediately after 
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treatment on October 22 -25 at Ontario and October 27 - 28 at McCall. The planting procedure 

was based on the positive transplanting results obtained in other trials at MES (Shock et al. 

2012c). The rhizomes were planted with the growth bud oriented up 8 cm below the soil 

surface. Prior to each planting at Ontario, a shovel full of sand and a half cup of gypsum was put 

into each hole. The entire plot was filled with plants. 

Irrigation Procedures Spring 2010 

Ontario 

The trial was installed in a field of Owyhee silt loam (Description: coarse-silty, mixed mesic 

Xerollic Camborthids composed of 30% sand, 52.5% silt, and 17.5% clay) at the Malheur 

Experiment Station, Ontario, Oregon.  The results of soil analysis taken on April 28, 2010 are 

shown in Table 3.2. Urea-ammonium nitrate was applied through the drip tape at 25 lb N/acre 

on May 3, 2010, 50 lb N/acre on May 21, and 50 lb N/acre on June 4.  Ammonium 

polyphosphate at 25 lb P2O5/acre was applied through the drip tape on May 3. Weeds were 

controlled by manual weeding. 

On March 24, 2010, one Watermark soil moisture sensor was installed at 20 cm depth between 

two plants along the plant row in each of the inner two rows of each plot (40 sensors total).  The 

sensors were read daily and the average of all the sensors in an irrigation treatment (eight 

sensors total) was used for irrigation decisions.  Watermark calibration information can be 

found in Appendix C. All plots in a treatment were irrigated for three hours when the soil water 

tension was above the treatment criterion.  Irrigations were run manually from April 2 until June 

10, at which point the irrigations were automated. Irrigation was achieved using drip tape (T-

tape TSX 515-16-340, 0.34 gallons per 100 feet with emitters spaced 16 inches apart). 

All sensors were connected to a CR1000 datalogger (Campbell Scientific, Logan, UT) via 

multiplexers in early June.  The datalogger read the sensors every hour and made irrigation 

decisions every 12 hours.  The irrigation decisions for each treatment were based on the 

average soil water tension (SWT) readings of every instrument in the treatment.  The irrigations 

were controlled by the datalogger using a controller (SDM CD16AC controller, Campbell 

Scientific) connected to solenoid valves in each plot.  The automated irrigation system was 
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started on June 10.  Automated irrigations were terminated on July 26, the end of the growing 

season for corn lily.  

Five soil water irrigation treatments were tested in this study; 5 kPa, 10 kPa, 15 kPa, 20 kPa, and 

30 kPa. The 5 kPa treatment was converted from a 25 kPa treatment after the major period of 

initial growth. Therefore, the 5 kPa treatment is left out of results analysis for this site year. The 

Watermark soil moisture sensors in the 5 kPa treatment were replaced with tensiometers with 

pressure transducers. Tensiometers are soil moisture sensors which are superior to Watermarks 

in the 0 to 10 kPa range of soil water tension. Tensiometers were installed by making a hole 

approximately 24 cm (9.25 inches) deep with a soil probe that had the same circumference as 

the tensiometer. The tensiometer was then installed vertically so the ceramic cup was in direct 

contact with the soil and centered at 20 cm depth. 

The water for the drip treatments was supplied by a well that maintained a continuous and 

constant water pressure of 240 kilopascals (35 psi).  The pressure in the drip lines was 

maintained at 70 kPa (10 psi) by pressure regulators in each plot.  The amount of water applied 

to each treatment was recorded daily at 8:00 a.m. from a water meter installed between the 

solenoid valve and the drip tape.  On June 14, all plants in each plot were measured for height 

and diameter.   

The soil pH at Ontario is higher than that found in corn lily’s natural environment. To reduce the 

soil pH, five tons per acre of elemental sulfur were broadcast in the fall of 2010.  

McCall 

The trial was installed in a field of loamy sand (85% sand, 5% silt, and 10% clay) at McCall, Idaho.  

Results of a soil sample taken on September 1, 2009 are shown in Table 3.2. The soil analyses 

showed that the soil was deficient in available N, and deficient in Ca, Mg, S, Zn, Cu, and B.  On 

May 20 the field was fertilized with 200 lb/ac of gypsum (23% Ca and 18.5% S), 100 lb/ac N as 

urea, 2.4 lb/ac Zn as zinc sulfate, 2.4 lb/ac Cu as copper sulfate, 1.2 lb B, as Granubor II, 20 lb/ac 

Mg and 40 lb/ac K as K-Mag, and 75 lb sulfate-S contained in the K-Mag and Zn and Cu sulfates.  

Weeds were controlled by manual weeding. 
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The establishment of an irrigation system at McCall required an electrical transformer, a power 

line to the research site and to the pump site, electrical control for the pump from the research 

site, installation of a pump, water filtration at the pump site, and piping from the pump to the 

research plots.  The pumping of water and opening of valves to specific treatments was 

controlled by a data logger as at Ontario. Soil moisture sensors were installed and connected to 

a datalogger as in Ontario on June 25 and June 30.  Drip tape (Toro Aqua Traxx, EA 508 1222-

750, 0.22 gallons per 100 feet, with emitters spaced 12 inches apart) was installed as in Ontario 

on June 8, 2010.  

Technical problems with the pump and the filter made running the irrigation trial impossible. 

Manual watering was done based on Watermark sensor readings. Frequent rainfall in the spring 

of 2010 kept the soil wet in all treatments. In addition, three separate hail incidents completely 

destroyed the plants in the irrigation trial. Due to these difficulties, data from this trial are not 

included in the results. 

Irrigation Procedures 2011 

Ontario 

The trial was continued in the same field of Owyhee silt loam at the Malheur Experiment 

Station, Ontario, Oregon.  Results of a soil sample taken on August 9, 2011 are shown in Table 

3.2. Calcium nitrate was applied through the drip tape at 50 lb N/acre on April 13, 2011. Two 

gallons of iron chelate was sprayed on the plants on May 2 (4.5 g chelate 10% iron per gallon). 

Liquid calcium fertilizer (5% Ca) (Inca, Plant Impact, Preston UK) was applied on May 10 and May 

17. Each application was 10 liters of 7.5% Inca solution. Weeds were controlled by manual 

weeding. 

Watermark sensors from the 2010 season remained in the field for use during the 2011 and 

2012 seasons. Tensiometers were used instead of Watermarks in the 5 kPa treatments, as they 

are more accurate in the 0-10 kPa range. Sensor calibration and maintenance information can 

be found in Appendix C.  All sensors were connected to a CR1000 data logger from Campbell 

Scientific, exactly as they were in the 2010 season. The data logger read the sensors every hour 
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and made irrigation decisions every 12 hours. Automated irrigation at Ontario started on April 

30 and stopped on August 8. 

As in 2010, five irrigation treatments were tested in this study – 5 kPa, 10 kPa, 15 kPa, 20 kPa, 

and 30 kPa. 

The water for the drip treatments was supplied by a well that maintained a continuous and 

constant water pressure of 240 kPa (35 psi).  The pressure in the drip lines was maintained at 70 

kPa (10 psi) by pressure regulators in each plot. The amount of water applied to each treatment 

(in gallons) was recorded weekly.  

McCall 

The 2011 trial continued on the same field of sandy loam in McCall, Idaho. Results of the soil 

sample taken on September 19, 2011 are shown in Table 3.2. The soil analyses showed that the 

soil was deficient in available N, and deficient in Ca, Mg, Cu, and B. On June 21, 2011, 200 

lb/acre of gypsum, 100 lb N/acre as urea, 40 lb K/acre as K-Mag, 2.4 lb of Zn/acre as zinc sulfate, 

2.4 lb Cu/acre as copper sulfate, and 1.2 lb B/acre were broadcast. Weeds were controlled by 

manual weeding. 

The materials used and the set up at McCall were identical to those used in 2010. The same five 

irrigation treatments were tested at McCall, with tensiometers installed in the 5 kPa plots. 

Irrigation began on May 25, and was terminated on August 26, at the end of the growing 

season. Sensor calibration and maintenance information can be found in Appendix C. 

Plants were measured for height and diameter three times throughout the season – about once 

per month.  

The water at McCall was supplied by a well that maintained a water pressure of 240 kPa (35 psi). 

Occasional failure of the pump during the summer did occur but was fixed within a week. The 

pressure in the drip lines was 70 kPa (10 psi). 

An error in data collection occurred in the summer of 2011 at McCall, which can be seen in 

Figures 3.14a-e. Approximately a month of soil water tension data is missing from the end of the 

data set. Irrigation did not stop until late August, but the soil water tension record stops in late 
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July. This was due to human oversight. This is not a serious problem, as the plants had peaked in 

growth by the end of July. 

 

Irrigation Procedures 2012 

Ontario 

The trial continued in the same field used in 2009-2011 at the Malheur Experiment Station.  

Results of a soil sample taken on April 24, 2012 are shown in Table 3.2. This analysis showed 

that the soil was deficient in Fe.  On March 2, April 30, and June 7, Fe at 0.3 lb/acre (iron 

chelate, Sprint 138, Becker Underwood, Inc., Ames, IA) was injected through the drip tape.  On 

May 7 and June 4, calcium as a foliar spray (InCa, Plant Impact, Preston, UK, 1 oz/gal water) was 

applied to all plots.  Immediately after calcium application, Dithane fungicide was sprayed on all 

plots. Weeds were controlled by manual weeding. 

New drip tape was installed in the fall of 2011 (Toro Aqua Traxx EA 508 1222, 0.22 gallons per 

100 feet, 12 inch emitter spacing). Irrigation instrumentation and methodology did not change 

from 2011 to 2012 in Ontario. Watermark sensors were used in plots for the 10, 15, 20 and 30 

kPa treatments and tensiometers were used in the 5 kPa treatment. Sensor calibration and 

maintenance information can be found in Appendix C.  Instruments were read every hour and 

the CR1000 data logger (Campbell Scientific) was programmed to make irrigation decisions 

every 12 hours. 

Veratrum buds began to break the surface at the beginning of April. Irrigation began in Ontario 

on April 12 and ended on July 13.  

McCall 

The trial continued in the same field used in 2009 to 2011 at McCall, Idaho. Analysis of a soil 

sample taken on April 23, 2012 is shown in Table 3.2. The soil analyses showed that the soil was 

deficient in available N, and deficient in Ca, Mg, Cu, and B. On May 9, May 31, June 6, June 13, 

and June 28, calcium as a foliar spray (InCa, Plant Impact, Preston, UK, 1 oz/gal water) was 

applied to all plots.  Immediately after the Ca, Dithane fungicide was sprayed on all plots on the 
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same dates.  On May 31, 20 lb N/acre was injected through the drip tape. On May 1, 2012, 2000 

lb/acre of gypsum, 10 lb Cu/acre, and 100 lb Mg/acre were broadcast. Weeds were controlled 

by manual weeding. 

Difficulty with the 2011 irrigation trial at McCall led to a switch in instrumentation for the 2012 

season. Soil water tension results from 2011 showed that nearly all treatment groups were not 

receiving the appropriate amount of water. We hypothesized that the Watermarks moisture 

sensors may not be making good contact with the sandy loam, which would lead to inaccurate 

readings. Watermarks were replaced with low tension tensiometers with pressure transducers 

(Irrometer Model LT) in the 5, 10, 15, and 20 kPa treatment plots. Tensiometers with a higher 

range of tension were used in the 30 kPa plots. Tensiometer maintenance information can be 

found in Appendix C. The CR1000 multiplexer was re-wired and a new irrigation program from 

Campbell Scientific was used.  

New drip tape was installed in the fall of 2011 (Toro Aqua Traxx EA 508 1222, 0.22 gallons per 

100 feet, 12 inch emitter spacing). 

Veratrum buds began to emerge in mid to late April. Irrigation began in McCall on May 14 and 

ended on July 24.  
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Table 3.2 Soil analysis results from both trial sites during each season. Results were used to determine how to amend the soil. Calcium, 
magnesium, ammonium, and phosphorous were all consistently below optimum. These nutrients were added to the soil via liquid 
injection or broadcast at both sites for all years. All macronutrients and micronutrients are in units of ppm. 

 

 
  

Macronutrients Micronutrients 

Site/Year 
Date 

Sampled 
pH 

OM 
(%) 

NO3- ammonium P  K SO4 Ca Mg Na Zn Cu Mn Fe B 

Ontario 
2010 4/28/2010 7.9

1 
1.85† 21 3† 18† 353 24 1932 432† 99 4.1* 1.7 11 11† 1.5 

Ontario 
2011 8/9/2011 7.2 1.67† 12 4† 21† 389 52 1665† 428† 103 3.8* 1.7 16 16† 0.7† 

Ontario 
2012 4/24/2012 5.5 1.71† 58 1† 39† 439 603 2188† 584† 178 4.8* 1.9† 38 14† 1.1† 

McCall 
2010

2 
9/1/2009 6.3 1.63† 2† 3† 17† 304 7† 846† 102† 21 0.8† 0.3† 6† 57 0.2† 

McCall 
2011 9/19/2011 5.4 1.43† 40 3† 14† 296† 12† 793† 101† 27 1.4 0.5† 38 89 0.2† 

McCall 
2012 4/24/2012 5.3 1.34† 12 1† 14† 355 48 1306† 127† 20 1.7 0.4† 13 72 0.3† 

1The pH of the soil at Ontario was much higher than corn lily’s natural soils. Sulfur was added in 2010 to lower the pH. 
2The McCall 2010 trial was unsuccessful due to technical difficulties and inclement weather and is not included in results or discussion 
(*) Denotes a value that is higher than the optimal range 
(†) Denotes a value that is lower that the optimal range 
 
Soil analyses done by:  
Western Laboratories, Inc. 
211 Highway 95 • P.O. Box 1020 • Parma, ID  83660 
800-658-3858 • FAX 208-722-6550 
http://www.westernlaboratories.com 

http://www.westernlaboratories.com/
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Data Collection and Statistical Analysis  

Soil water tension data was retrieved from the data loggers throughout the three growing 

seasons and is graphically displayed in Figures 3.3a-d, 3.6a-e, 3.10a-e, 3.14a-e, and 3.18a-e. 

Cumulative water applied was recorded weekly from the valve readings, and can be seen 

graphically in Figures 3.2, 3.5, 3.9, 3.13, and 3.17. Height and diameter of the plants on the inner 

rows were measured every month in 2011 and 2012 at both sites, but only once in 2010 at 

Ontario. Rate of survival was also noted, as some of the plants did not recover from the 

transplant and/or did not emerge during their second year in the field.  

Due to natural variation in the soil and topography of the field and wet weather, some of the 

plots did not actually experience their intended treatment level. For some site years, late spring 

rain meant that the plots did not dry sufficiently until after the major period of growth was 

complete.  For instance, the 30 kPa treatment at Ontario in 2010 did not dry to 30 kPa until the 

end of June, at which point the plants had been growing for nearly three months. In addition, 

there were some cases where the average soil water tension of the five plots in same treatment 

met the correct treatment level, but the individual plots were experiencing drastically different 

soil water tension levels. Recall that irrigation decisions are made using a four plot average. As 

irrigation continues, plots which are supposed to be identical in soil water tension begin to 

diverge, so that some plots are very wet while others are very dry, and the average appears to 

be on target. This scenario plays out when the soil characteristics change over the length of a 

field.  If the soil is compact on one end and loose on the other end, two plots that are irrigated 

with the same amount of water may experience very different soil water tension levels. 

To account for these differences, the average soil water tension of each split plot from the start 

of irrigation to last date of measurement was calculated and each split plot was then assigned to 

a treatment group based on this average. For instance, if the average of one split plot in the 20 

kPa treatment block was actually 9 kPa, the split plot was reassigned to the 10 kPa treatment 

group. Dividing each split plot into a treatment group – as opposed to simply using the actual 

average soil water tension – allows the usage of analysis of variance to test for differences in 

mean diameter, height, and survival. Explanatory variables for ANOVA include treatment level, 

selection, and block number. To determine which groups were significantly different from 
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others, F-protected least significant difference values were calculated at p=0.05 and p=0.1. 

Analysis of the data by split plot was done for all site years. Unfortunately, this resulted in 

unbalanced data sets, as many plots were actually wetter than what was intended.  

Data were also analyzed using simple linear regression. The purpose of running SLRs was to look 

for overall trends in the data rather than significant differences. With simple linear regression, 

actual average soil water tension and applied water were used as explanatory variables for 

mean diameter, height, and survival. Simple linear regressions of applied water at two months 

and applied water at one month for each of these response variables for each selection were 

run in NCSS. Simple linear regressions of actual average soil water tension at two months and 

average soil water tension at one month for each of these response variables for each selection 

were also run in NCSS. Analyzing the data at one month and two months allows a comparison 

between the importance of soil moisture early in the growth process and soil moisture 

throughout the major period of growth. 

 

Results 

The results from field trials investigating the growth response of V. californicum to varying levels 

of soil moisture at the two sites are presented below, with the results for Ontario in all three 

years of the trials (2010, 2011, and 2012) presented first, followed by the results from the 

McCall site for the two years of trials (2011 and 2012). Significance levels at the 10% and 5% are 

reported.  

Ontario 2010 

High amounts of winter snowpack and substantial spring rainfall in 2010 made it impossible to 

impose different treatments during the early part of plant growth; however, there were 

differences in applied water among the treatments by the end of the season (Figure 3.2).  The 

unusually wet and cool spring and some technical difficulties meant that many of the plots did 

not experience their intended treatment levels. Wet weather kept soil moisture below 20 kPa in 

all treatments until mid-June (Figures 3.3a to 3.3d) at which point the plants had already been 

growing 80 to 90 days. This resulted in little actual difference in soil moisture between the 20 

and 30 kPa treatments. The 15 kPa treatment experienced an error in the third week of June, 
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resulting in a severe drying. By the end of June the plants were dormant.  Based on the soil 

water tension, there were effectively two treatment levels for this trial – 10 kPa and 15 kPa – 

and the data were analyzed as such. The procedure for determining treatment level is described 

in the Data Collection and Analysis section in Materials and Methods. The 5 kPa treatment was 

left out of this analysis because it was not added until mid-season. Box plots of average split plot 

survival, height and diameter versus treatment level are shown in Figures 3.4a-c. These figures 

offer a visual representation of the data.  

The data were analyzed in essentially three different ways in order to assess the impact of 

treatment on plant growth and survival. First, simple linear regression was used to evaluate 

each variable (survival, height, and diameter) as a function of applied water at two months of 

growth (hereafter referred to as “applied water”) and applied water at one month of growth 

(hereafter referred to as “early applied water”). Second, simple linear regression was used to 

analyze each variable as a function of actual average soil water tension over the first two 

months of irrigation (hereafter referred to as “average soil water tension”) and actual average 

soil water tension over the first month of irrigation (hereafter referred to as “early soil water 

tension”). Regressions were run for each plant selection separately. A table of detailed 

regression output for Ontario 2010 is in Appendix E. Third, analysis of variance was used to 

analyze each variable as a function of actual treatment level, selection, and block.  
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Figure 3.2. The cumulative millimeters of water applied to corn lily plots at Ontario in 2010 
(including precipitation) from the start of irrigation to the end of irrigation (the vertical black 
line). The trend lines are labeled with the soil water tension treatment they were intended to 
receive. The 5 kPa treatment is not included here because it was added mid-season. The dashed 
line represents the cumulative estimated evaporation from a bare soil surface (ETi), calculated 
using Agrimet data (Kimberley-Penman equation) and a bare soil coefficient (Doorenbros and 
Pruitt 1975). 
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3.3a. Average soil water tension in the 10            3.3b. Average soil water tension in the 15 kPa 
kPa plots, Ontario 2010.                     plots, Ontario 2010. 
                   

       
3.3c. Average soil water tension in the 20 kPa      3.3d. Average soil water tension in the 30 kPa 
plots, Ontario 2010.     plots, Ontario 2010.                
 
Figure 3.3a-d. Each of these figures depicts the average soil water tension for the four main 
plots where corn lily was intended to receive a specified irrigation treatment (10, 15, 20, and 30 
kPa). A rising trend indicates soil drying. Plots in the 10 kPa treatment stayed at or under 10 kPa 
for most of the season. Plots in the 15 kPa treatment stayed at 15 kPa until June, after which 
there is a very wet spike followed by a very dry spike. The 20 kPa treatment plots did not reach 
20 kPa until the end of June, and the 30 kPa treatment plots did not reach 30 kPa until mid-July. 
All plots aside from the 10 kPa did not meet their treatment criteria for a majority of the season, 
leading to the decision to analyze data by split plot. The vertical green line marks the start of 
irrigation, while the vertical red line marks the end of irrigation. 
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3.4a. Plot of corn lily survival per                           3.4b. Plot of average height of corn lily  
split plot vs. treatment, Ontario 2010.                    per split plot vs. treatment, Ontario 
                2010. 

 

 
           3.4c. Plot of average diameter of corn 
           lily per split plot vs. treatment,  
           Ontario 2010. 
 
Figure 3.4a-c. Box plots of average survival, height, and diameter of corn lily in each split plot 
versus achieved treatment. In most instances, plant size and survival decreases with drier soil. 
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Applied Water and Early Applied Water 

Linear regressions of the response variables (survival, height, and diameter) on applied water 

show mostly positive trends for both selections, meaning that plant growth and survival 

generally increase with water application. The only negative relationship was diameter versus 

applied water for the Idaho 2009 selection; however, this regression had a very shallow negative 

slope with a very large p-value (0.92). The relationships with the highest level of significance 

(p<0.1) were observed for the Utah 2009 selection, where both height and diameter had 

significant, positive relationships with applied water. 

Linear regressions of the response variables to early applied water are similar to those for 

applied water described above. The trends are mostly positive, aside from diameter versus early 

applied water for Idaho 2009. Again, the most significant relationships were observed for the 

Utah 2009 selection. The slopes of all regressions where the relationships are positive (greater in 

magnitude) for early applied water were more positive than those for applied water over two 

months. This supports the hypothesis that abundant water early in the growing season may be 

of particular importance for crown growth, giving plants a season long advantage over their 

drier counterparts.  

Actual Average Soil Water Tension and Early Soil Water Tension 

Linear regressions of the response variables on average SWT are all negative, meaning that 

plants are smaller and survival decreases for treatments in which the soil is drier. The most 

significant trends (p=0.1) were observed for the Utah 2009 selection, where both height and 

diameter had negative, significant relationships with average SWT.  

Linear regressions of the response variables on early SWT were almost all negative. The only 

positive relationship was between diameter and early applied water for the Idaho 2009 

selection, which had a slope close to zero and a large p-value (0.94). The only significant trends 

(at significance level p=0.1) were observed for the Utah 2009 selection, where both height and 

diameter had negative relationships with early SWT. All negative regressions for early SWT were 

more negative than those for average SWT, supporting an earlier hypothesis that water 

delivered earlier in the season may be more important for plant growth and survival than water 

delivered later in the season. 
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Treatment Level 

After adjusting each split plot to the treatment it actually received, analysis of variance was 

conducted for each of the response variables (survival, height, and diameter) using treatment, 

block, and selection as explanatory variables (Table 3.3). Results for each response variable are 

summarized below.  

1. Survival: ANOVA showed a significant difference in survival between the 10 kPa 

treatment (97%) and the 15 kPa treatment (91%) at p=0.05. 

2. Height: ANOVA showed a significant (p=0.1) difference in average height between the 

10 kPa treatment (27.0 cm) and the 15 kPa treatment (22.1 cm). There was also a 

significant difference in height between the Utah selection (28.5 cm) and the Idaho 

selection (18.2 cm) at p=0.05. 

3. Diameter: ANOVA showed a significant difference in average diameter for the Utah 

selection between the 10 kPa treatment (19.3 mm) and the 15 kPa treatment (16.1 mm) 

at p=0.1. There was also a significant in diameter difference between the Utah selection 

(16.9 mm) and the Idaho selection (13.8 mm) at p=0.05. 

   

Ontario 2011 

The intended soil moisture levels were maintained in the plots in this trial due to an absence of 

technical problems and some spring rainfall. By the end of the 2011 season, the irrigation 

treatments had resulted in differences in applied water, although the difference between the 10 

and 15 kPa treatments was very minimal (Figure 3.5). Average soil water tension among 

replicates of the same treatment met their intended irrigation criterion in most cases (Figures 

3.6a-e). Both the 20 kPa and 30 kPa treatments did not dry to their respective criteria until the 

middle of the season. For this reason, interpretation of the data needed to be adjusted to reflect 

actual soil water tension experienced by each split plot. Plant buds began to come up in mid-

April, and plants were dormant by the end of June. Box plots of average split plot survival, 

height and diameter versus treatment level are shown in Figures 3.7a-c. These figures offer a 

visual representation of the data.  
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The data presented here for 2011 were analyzed in the same way as in 2010, the main 

difference being that there were three plant selections (Idaho 2009, Utah 2009 and Utah 2010) 

to analyze instead of two. The effective treatment levels varied for each selection. The Idaho 

2009 plants experienced 0 kPa, 5 kPa, 10 kPa, 15 kPa, 20 kPa, and 30 kPa treatment levels, 

whereas the Utah 2009 and Utah 2010 selections experienced 0 kPa, 5 kPa, 10, kPa, 15 kPa, and 

20 kPa treatment levels. A table of detailed regression output for Ontario 2011 is in Appendix E.  

 

 
Figure 3.5. The cumulative millimeters of water applied to corn lily at Ontario in 2011 (including 
precipitation) from the start of irrigation to the end of irrigation (the vertical black line). The 
trend lines are labeled with the soil water tension treatment they were intended to receive. The 
dashed line represents cumulative estimated evaporation from a bare soil surface (ETi), 
calculated using Agrimet data (Kimberley-Penman equation) and a bare soil coefficient 
(Doorenbros and Pruitt 1975) 
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Figure 3.6a-e. Each of these figures depicts the average soil water tension for the four main 
plots that were intended to receive a specified irrigation treatment (5, 10, 15, 20, and 30 kPa). A 
rising trend indicates soil drying. The soil at Ontario had become very dry prior to the start of 
irrigation. The plants were exposed to very dry conditions for at least two weeks prior to 
irrigation. Plots in the 5, 10, and 15 kPa treatments stayed at or under their treatment criteria 
for most of the season. Plots in the 20 and 30 kPa plots did not reach their treatment criteria 
until mid-June and the end of July respectively. The vertical green line marks the start of 
irrigation, and the vertical red line marks the end of irrigation. Instruments in the 5 kPa plots 
read erroneously for the first month of irrigation due to a programming error. 
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3.6a. Average soil water tension in the 5 kPa       3.6b. Average soil water tension in the 10 kPa 
plots, Ontario 2011.                                             plots, Ontario 2011.                

    
3.6c. Average soil water tension in the 15 kPa     3.6d. Average soil water tension in the 20 kPa 
plots, Ontario 2011.    plots, Ontario 2011.             

 
3.6e. Average soil water tension in the 30 kPa 
plots, Ontario 2011. 
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             3.7a. Plot of corn lily survival per split          3.7b. Plot of average height of corn 
             plot vs. treatment, Ontario 2011.           lily per split plot vs. treatment,  

              Ontario 2011. 

 
          3.7c. Plot of average diameter of corn lily  
          per split plot vs. treatment, Ontario 2011.  
 

Figures 3.7a-c. Box plots of average survival, height, and diameter of corn lily in each split plot 
versus achieved treatment for the Utah 2009 and Idaho 2009 plantings. In most instances, plant 
size and survival decreases with drier soil. 
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             3.8a. Plot of corn lily survival per split             3.8b. Plot of average height of corn 
             plot vs. treatment, Ontario 2011.             lily per split plot vs. treatment,  

                Ontario 2011. 

 
          3.8c. Plot of average diameter of corn lily  
         per split plot vs. treatment, Ontario 2011.  
 

Figures 3.8a-c. Box plots of average survival, height, and diameter of corn lily in each split plot 
versus achieved treatment for the Utah 2010 planting at Ontario in 2011. Plant response is 
mixed for this selection. 
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Applied Water and Early Applied Water 

Linear regressions of the response variables (survival, height, and diameter) on applied water 

show mostly positive trends for all selections, meaning that plant growth and survival generally 

increased with water application. The only negative relationship was diameter versus applied 

water for the Utah 2010 selection; however, this regression had a very shallow negative slope. 

The most significant relationship was observed for the Utah 2010 selection, where height had a 

significant, positive relationship with applied water at p=0.1.  

Linear regressions of the response variables on early applied water are similar to those 

described above. The trends are mostly positive, aside from diameter versus early applied water 

for Utah 2010. The most significant relationship was observed for the Utah 2010 selection 

(p=0.1). All positive regressions for early applied water had slopes that were more positive 

(greater in magnitude) than those for applied water. This is consistent with the hypothesis that 

abundant water early in the growing season may be of particular importance, giving plants a 

season long advantage over their drier counterparts. Diameter versus early applied water for 

Utah 2010 had a slope that was more negative (but not significant at p=0.1) than diameter 

versus applied water for this selection.  

Actual Average Soil Water Tension and Early Soil Water Tension 

Linear regressions of the response variables on average SWT were almost all negative, meaning 

that plants are smaller and survival decreased with drier soil. The only positive relationship was 

diameter versus average SWT for the Utah 2010 selection. Significant trends (p=0.1) were 

observed for all response variables for the Idaho 2009 selection. Significant trends were also 

observed for diameter versus average SWT for the Utah 2009 selection, and height versus 

average SWT for the Utah 2010 selection. All significant trends were negative, indicating that 

plants tend to be smaller and survival decreased with drier soils.  

Linear regressions of the response variables on early SWT were almost all negative. The only 

positive relationship was between diameter and early SWT for the Utah 2010 selection, which 

was not a significant trend at p=0.1. Significant trends (p=0.1) were observed for all response 

variables for the Idaho 2009 selection. A significant trend was also observed for height versus 

early SWT for the Utah 2010 selection. Nearly all negative regressions for early SWT had less 
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negative slopes than regressions for average SWT. This is a complete reversal of what occurred 

at Ontario in 2010, where early SWT regressions were more negative than their average SWT 

regression counterparts. This data set is not consistent with the hypothesis that abundant water 

early in the season is more important than water later in the season; however, the drying 

experienced by the plants prior to initiation of the irrigation treatments may have interfered 

with the early growth response of the plants in this year.  

Treatment Level 

After sorting each split plot to the treatment it actually received, analysis of variance was 

conducted for each of the response variables (survival, height, and diameter) using treatment, 

block, and selection as explanatory variables (Table 3.3). Results for each response variable are 

summarized below.  

1. Survival: ANOVA showed no variables were significant in explaining differences in 

survival; however, survival tended to decrease as the soil became drier (as tension 

increases) for both of the 2009 selections. The Utah 2010 selection had higher survival 

for all irrigation treatments (>90%). 

2. Height: ANOVA showed no variables were significant in explaining differences in plant 

height. There were no overall trends in plant height as a function of treatment. 

3. Diameter: ANOVA showed no variables were significant in explaining differences in 

plant diameter; however, diameter decreased as the soil became drier for the 2009 

selections.  

Ontario 2012 

The intended soil moisture levels were maintained in the plots in this trial for the most part 

(Figures 3.10a-e). By the end of the season, there were differences in applied water, though a 

technical glitch in the 15 kPa treatment plots caused accidental delivery of extra water in the 

early growth period (Figure 3.9). Slow plant water use and a few late spring thunderstorms 

made it impossible for the 30 kPa plots to actually reach 30 kPa (Figure 3.10e). Some variation 

among plots of the same treatment group during the middle of the season was noted, which 

provided reason to sort the treatment levels to reflect actual soil water tension in each split 
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plot. Plants transplanted in 2009 were removed from this trial in the fall of 2011. Three 

selections from McCall, ID, Fairfield, ID, and Utah were transplanted into the area vacated by 

the 2009 transplants and the unplanted quadrant. The Utah 2010 planting was left intact. Plant 

buds began to appear at the beginning of April 2012, and plants were senescing by the end of 

June. The McCall 2011 planting did not survive the transplant, so it was not included in the 

results. Box plots of average split plot survival, height and diameter versus treatment level for 

the 2010 selection are shown in Figures 3.11a-c. Box plots of average split plot survival, height, 

and diameter versus treatment level for the 2011 selections are shown in Figures 3.12a-c. These 

figures offer a visual representation of the data.  

Data were analyzed in the same way as for Ontario 2010 and 2011. Effective treatment levels 

varied among selections. The Idaho 2011 selection experienced effective treatment levels of 5 

kPa, 10 kPa, 15 kPa, 20 kPa, and 25 kPa. The Utah 2010 and Utah 2011 selections experienced 

effective treatment levels of 5 kPa, 10 kPa, 15 kPa, and 20 kPa. A detailed table of regressions 

for Ontario 2012 plant responses is in Appendix E. 
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Figure 3.9. This figure shows the cumulative inches of water applied to corn lily at Ontario in 
2012 (including precipitation) from the start of irrigation to the end of irrigation (the vertical 
black line). The trend lines are labeled with the soil water tension treatment they were intended 
to receive. The dashed line represents cumulative estimated evaporation from a bare soil 
surface (ETi), calculated using Agrimet data (Kimberley-Penman equation) and a bare soil 
coefficient (Doorenbros and Pruitt 1975). 
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Figure 3.10a-e. Each of these figures depicts the average soil water tension at Ontario in 2012 

for the four main plots that were intended to receive a specified irrigation treatment (5, 10, 15, 

20, and 30 kPa). A rising trend indicates soil drying. The 5 kPa treatment plots oscillated 

between 8 kPa and 4 kPa for most of the season. Plots in the 10 kPa treatment mostly stayed at 

or under the treatment criterion. Plots in the 15 kPa treatment received extra water at the start 

of the season. Plots in the 20 kPa treatment varied widely during the season. Plots in the 30 kPa 

treatment never reached 30 kPa. The green line marks the start of irrigation, while the red line 

marks the end of irrigation. 
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3.10a. Average soil water tension in the 5 kPa      3.10b. Average soil water tension in the 10 kPa 
plots, Ontario 2012.    plots, Ontario 2012.              

     
3.10c. Average soil water tension in the 15 kPa 3.10d. Average soil water tension in the 20 kPa 
plots, Ontario 2012.    plots, Ontario 2012. 

 
3.10e. Average soil water tension in the 30 kPa 
plots, Ontario 2012. 
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3.11a. Plot of corn lily survival per         3.11b. Plot of corn lily height per  
split plot vs. treatment, Ontario         split plot vs. treatment, Ontario   
2012                         2012. 

 
 

 
3.11c. Plot of corn lily diameter per  
split plot vs. treatment, Ontario 2012. 
 

Figures 3.11a-c. Box plots of average survival, height, and diameter of corn lily in each split plot 
versus achieved treatment level for the Utah 2010 planting at Ontario in 2012. In most 
instances, plant size and survival decreased with drier soil. 
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3.12a. Plot of corn lily survival per            3.12b. Plot of corn lily height per  
split plot vs. treatment, Ontario            split plot vs. treatment, Ontario   
2012                            2012. 

 
 

 
            3.12c. Plot of corn lily diameter per  
            split plot vs. treatment, Ontario 2012. 

 
Figures 3.12a-c. Box plots of average survival, height, and diameter of corn lily in each split plot 
versus achieved treatment level for the Utah and Idaho 2011 planting at Ontario in 2012. In 
most instances, plant size decreased with drier soil. Survival was high for all treatments. 
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Applied Water and Early Applied Water 

Linear regressions of the response variables (survival, height, and diameter) on applied water 

showed mostly positive trends for all selections. The only negative relationships were survival 

versus applied water for the Utah 2011 and Idaho 2011 selections. Significant relationships 

(p=0.1) were observed for diameter versus applied water for the Idaho 2011 and Utah 2010 

selections, height versus applied water for all selections, and survival vs. applied water for the 

Utah 2010 selection. All significant trends were positive.  

Linear regressions of the response variables on early applied water are similar to those for total 

applied water described above. The trends were mostly positive, aside from survival versus early 

applied water for the 2011 selections. Significant relationships were the same as those for total 

applied water. All positive regressions for early applied water had slopes that were more 

positive than those for total applied water. The steeper early applied water slopes was 

consistent with the hypothesis that abundant water early in the growing season may be of 

particular importance, giving plants a season long advantage over their drier counterparts.  

Actual Average Soil Water Tension and Early Soil Water Tension 

Linear regressions of the response variables on average SWT were almost all negative, meaning 

that plants are smaller and survival decreases with a drier soil irrigation criterion. The only 

positive relationship was survival versus average SWT for the Idaho 2011 selection. Significant 

relationships (p=0.1) were observed for diameter versus average SWT for the Idaho 2011 and 

Utah 2011 selections, height versus average SWT for all selections, and survival vs. average SWT 

for the Utah 2010 selection. All significant trends were negative.  

Linear regressions of the response variables on early SWT yielded slopes that were almost all 

negative. The only positive relationships were between survival and early SWT for the 2011 

selections, which were not significant trends at p=0.1. Significant relationships (p=0.1) were 

observed for diameter versus early SWT for the Idaho 2011 and Utah 2010 selections, height 

versus early SWT for all selections, and survival vs. early SWT for the Utah 2010 selection. All 

significant relationships had negative trends with increasing SWT. Some regressions for early 

SWT had slopes that were more negative than their average SWT counterparts and some were 
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less negative. Two of them had similar slopes. This data set does not suggest that water early in 

the season may be of particular importance to the growth and survival of corn lily. 

Treatment Level 

After sorting each split plot to the treatment it actually received, analysis of variance was 

conducted for each of the response variables (survival, height, and diameter) using treatment, 

block, and selection as explanatory variables (Table 3.3). Results for each response variable are 

summarized below.  

1. Survival: ANOVA showed significant differences in survival between selections. The 

Idaho 2011 and Utah 2011 selections had greater survival (99% and 97% respectively) 

than the Utah 2010 selection (64%) at p=0.05. This was likely due to the fact that the 

Utah 2010 plants had been in the field for an additional year. Also, planting methods 

were changed in 2011 to stimulate root growth with the addition of indolebutyric acid 

(IBA). 

2. Height: ANOVA showed significant differences in average height among treatment 

levels. The 5 kPa treatment (28.5 cm) was significantly greater in height than the 15 kPa 

treatment (19.5 cm), the 20 kPa treatment (16.8 cm), and the 25 kPa treatment (10.7 

cm) at p=0.05. The 10 kPa treatment (25.1 cm) was significantly greater than the 15 kPa, 

20 kPa, and 25 kPa treatments at p=0.05. The 15 kPa treatment is greater than the 25 

kPa treatment at p=0.1. There were also significant differences in height among 

selections. The Utah 2010 selection (31.0 cm) was greater in height than the Idaho 2011 

selection (20.5 cm), which was in turn greater than the Utah 2011 selection (17.7 cm).  

3. Diameter: ANOVA showed significant differences in average diameter among 

treatment levels. The 5 kPa treatment (16.3 mm) had a greater average diameter than 

the 20 kPa treatment (13.9 mm), the 25 kPa treatment (14.3 mm) at p=0.05, and the 15 

kPa treatment (14.6 mm) at p=0.1. The 10 kPa treatment (15.6 mm) had a greater 

diameter than the 20 kPa treatment at p=0.1. There were also significant differences 

between selections. The Idaho 2011 selection (15.3 mm) and the Utah 2011 selection 
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(15.9 mm) were both significantly greater in average diameter than the Utah 2010 

selection (13.7 mm) at p=0.05.  
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Table 3.3. Summary of average corn lily (Veratrum californicum) survival, height, and diameter for all 
trial years at Ontario by irrigatin treatment and plant selection. In addition to an average, each cell also 
contains the standard deviation for treatments where n>1. Treatments are listed in order of wettest (0 
kPa) to driest (30 kPa) soil water tension (SWT). Because these treatment levels are based on the actual 
soil water tension experienced by the plants in each split plot in the field, the treatment levels vary from 
year to year and among selections. For instance, some of the plants in the Idaho 2011 selection 
experienced at 25 kPa treatment, whereas the Utah 2011 plants did not. These values are the average of 
the average height, diameter, and survival of each split plot that contained plants of the same selection 
and experienced the same treatment level. The n column shows the number of split plots that were 
averaged for a given row of data. For instance, there were four split plots that contained the Idaho 2009 
selection that experienced a 10 kPa irrigation treatment. Note that for many selections, survival and 
plant size decreased as the treatment criteria (kPa) increased.
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McCall 2011 

Naturally wet conditions at McCall in 2011 made it impossible to impose different irrigation 

treatments. The site experienced heavy rainfall in the spring of 2011. As a result, the soil stayed 

very wet through most of the growing season. However, by the end of the season there were 

differences in applied water among treatment groups, aside from the 20 and 30 kPa treatments 

(Figure 3.13). The 15 kPa and 20 kPa treatments were almost identical in terms of soil water 

tension, as were the 5 kPa and 10 kPa treatments. The 30 kPa treatment was the wettest 

treatment early on in the season according to the soil water tension data (Figures 3.14a – e).  

Land at the experimental site had never been leveled, so the soil had small differences in 

elevation. These small differences seemed to have a substantial effect on soil moisture. Actual 

soil water tension more accurately reflects field conditions than the irrigation criteria. 

Plant buds began to appear at the end of April. By the end of August, plants were dormant. Box 

plots of average split plot survival, height and diameter versus treatment level for the 2009 

selections are shown in figures 3.15a-c. Box plots of average split plot survival, height and 

diameter versus treatment level for the 2010 selection are shown in figures 3.16a-c. These 

figures offer a visual representation of the data.  

The data were analyzed in the same way as the Ontario data. There were effectively three (5 

kPa, 10 kPa, 15 kPa) treatments at this site in 2011. A table of detailed regression results is 

located in Appendix E. 
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Figure 3.13. Cumulative inches of water applied to the corn lily plots at McCall in 2011 (including 
precipitation) from the start of irrigation to the end of irrigation (the vertical black line). The 
trend lines are labeled with the soil water tension treatment they were intended to receive. The 
dashed line represents cumulative estimated evaporation from the soil surface. Reference ET 
was calculated using a combination of NOAA data and data from an ET 107 weather station 
(Campbell Scientific). The Penman-Monteith equation and a bare soil coefficient were used to 
calculate ETi (Doorenbros and Pruitt 1975). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



67 
 

               

      
3.14a. Average soil water tension in the 5 kPa 3.14b. Average soil water tension, 10 kPa 
plots, McCall 2011.     plots, McCall 2011.           

      
3.14c. Average soil water tension in the 15      3.14d. Average soil water tension in the 20 
kPa plots, McCall 2011.    kPa plots, McCall 2011. 

 
3.14e. Average soil water tension in the 30 
kPa plots, McCall 2011. 
 
Figure 3.14a-e. Average soil water tension for the four main plots that were intended to receive 
a specified irrigation treatment. A rising trend indicates soil drying. The 5 kPa treatment plots 
generally stayed above 5 kPa throughout the season. Plots in the 10, 15, 20, and 30 kPa 
treatments did not reach their intended criteria until late in the season. The green line marks 
the start of irrigation, while the red line marks the end of irrigation. The soil water tension 
record for this site year is incomplete. 
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3.15a. Plot of corn lily survival per           3.15b. Plot of average height of corn  
split plot vs. treatment, McCall            lily per split plot vs. treatment, McCall 
2011.              2011. 
                 

 

 
3.15c. Plot of average diameter of 

 corn lily per split plot vs. treatment,  
McCall 2011. 

 

Figures 3.15a-c. Scatterplots of average survival, height, and diameter of corn lily in each split 
plot versus achieved treatment level for the Utah and Idaho 2009 selections at McCall in 2011. 
Trends in growth and survival across treatments were not observed this year.  
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3.16a. Plot of corn lily survival per           3.16b. Plot of average height of cornper  
split plot vs. treatment, McCall            lily per split plot vs. treatment, McCall 
2011.              2011. 
                 

 

 
3.16c. Plot of average diameter of 

 corn lily per split plot vs. treatment,  
McCall 2011. 

 

Figures 3.16a-c. Scatterplots of average survival, height, and diameter of corn lily in each split 
plot versus achieved treatment level for the Utah 2010 selection at McCall in 2011. Trends in 
growth across treatments were not observed this year for this selection. Survival decreased with 
drier soil. 
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Applied Water and Early Applied Water 

Linear regressions of the response variables (survival, height, and diameter) on applied water 

show mostly negative, insignificant trends for all selections. This means that plant growth and 

survival tended to decrease with water application, but that these relationships were not 

significant. The only positive relationships were survival versus applied water for the Utah 2010 

and Idaho 2009 selections, and height versus applied water for the Utah 2009 selection. Most of 

these regressions had slopes of very small magnitude (usually between -0.1 and -0.001). The 

regression with the slope of greatest magnitude was height versus applied water for the Utah 

2009 selection, which had a value of +0.335. No regressions are significant at the 10% level. 

Linear regressions of the response variables on early applied water are similar to those 

described above. The trends are mostly negative, aside from survival versus early applied water 

for Utah 2010 and Idaho 2009 and height versus applied water for Utah 2009. No regressions 

were significant. All regressions for early applied water (both positive and negative) had slopes 

that were greater in magnitude than those for applied water. That is, negative regressions for 

applied water were more negative for early applied water, and positive regressions for applied 

water were more positive for early applied water.  

Actual Average Soil Water Tension and Early Soil Water Tension 

Linear regressions of the response variables on average SWT were inconsistent with respect to 

the sign of the slope, although more trends were negative than positive. The Utah 2009 

selection had positive regressions for all response variables. The regression for survival versus 

applied water for the Idaho 2009 selection was also positive. Significant trends (p=0.1) were 

observed for survival and height versus applied water for the Utah 2009 selection, whose 

regression equations both had positive slopes. These data do not indicate any relationship 

between soil moisture and growth response. 

Linear regressions of the response variables on early SWT were inconsistent with respect to the 

sign of the slope and none of the trends were significant.  Six out of the nine regressions were 

positive. The only negative relationships were between diameter and early SWT for the Utah 

2009 selection, height versus early SWT for the Idaho 2009 selection, and survival versus early 

SWT for the Utah 2010 selection. A few of these regressions changed slope sign from early SWT 
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to average SWT. Many of the regressions were smaller in magnitude than their counterparts for 

average SWT (i.e. positive regressions for early SWT were less positive than for average SWT, 

and negative regressions for early SWT were less negative than for average SWT).  

Treatment Level 

After sorting each split plot to the treatment it actually received, analysis of variance was 

conducted for each of the response variables (survival, height, and diameter) using treatment, 

block number, and selection as explanatory variables (Table 3.4). Results for each response 

variable are summarized below.  

1. Survival: ANOVA showed there were significant differences in survival between 

selections. The Utah 2010 selection and the Idaho 2009 selection had greater survival 

(83% and 77% respectively) than the Utah 2009 selection (33%) at p=0.05. There are no 

overall trends in plant survival as a function of treatment. 

2. Height: ANOVA showed no variables were significant in explaining differences in 

height. There are no overall trends in plant height as a function of treatment. 

3. Diameter: ANOVA showed that there were significant differences at p=0.10 in average 

diameter between selections. The Utah 2010 selection had greater average diameter 

(15.9 mm) than either of the 2009 selections (11.2 mm for Idaho, 13.1 for Utah). There 

are no overall trends in plant diameter as a function of treatment. 

 

McCall 2012 

The irrigation trials at McCall were more successful than the trials in 2011 in that there was 

more differentiation among treatments with regard to soil moisture levels. By the end of the 

season, there were substantial differences in applied water among the treatment groups (Figure 

3.17). However, McCall is much wetter than Ontario, so the trial site did not dry out until mid-

June, at which point the plants had been growing for nearly six weeks. In addition, the 30 kPa 

treatment never dried to 30 kPa, and at some points actually appeared to be wetter than the 20 

kPa treatment (Figures 3.18d and 3.18e). Other treatment groups appeared to meet their 

treatment criteria for the most part, except the 5 kPa treatment which fluctuated between 8 
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and 10 kPa for the duration of the season (Figures 3.18a-c). As a result of these problems, 

treatment levels were sorted to reflect actual moisture conditions in each split plot. 

For analysis, treatment levels were sorted to reflect the actual soil water tension experienced by 

each split plot. Plants transplanted in 2009 were removed from this trial in the fall of 2011. 

Three selections from McCall, ID, Fairfield, ID, and Utah were transplanted into the areas 

vacated by the 2009 transplants and the areas that were unplanted from 2009 – 2011. The Utah 

selection transplanted in 2010 was left intact. Plant buds began to break the surface at the end 

of April. Plants were dormant by the end of August. The McCall 2011 planting did not survive the 

transplant, so it is not included in the results. This failure was likely due to desiccation of the 

roots (Shock et al. 2012c). Box plots of average split plot survival, height and diameter versus 

actual treatment level for the Utah 2010 selection are shown in Figures 3.19a-c. Box plots of 

average split plot survival, height and diameter versus actual treatment level for the Idaho 2009 

and Utah 2009 selections are shown in Figures 3.20a-c. These figures offer a visual 

representation of the data.  

The data are analyzed in the same way as the Ontario and McCall 2011 data. The number of 

effective treatments varied by selection. The Idaho 2011 selection experienced effective 

treatment levels of 5 kPa, 10 kPa, 15 kPa, and 20 kPa. The Utah 2011 selection experienced 

treatment levels of 10 kPa, 15 kPa, and 20 kPa. And the Utah 2010 selection experienced 

treatment levels of 0 kPa, 5 kPa, 10 kPa, 15 kPa, and 20 kPa. Detailed regression output is 

located in Appendix E. 
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Figure 3.17. Cumulative inches of water applied to corn lily plots at McCall in 2012 (including 
precipitation) from the start of irrigation to the end of irrigation (the vertical black line). The 
trend lines are labeled with the soil water tension treatment they were intended to receive. The 
dashed line represents cumulative estimated evaporation from a bare soil surface (ETi), 
calculated using data from an ET 107 weather station (Campbell Scientific), which used the 
Penman-Monteith equation for reference ET. A bare soil coefficient was used to adjust this 
value to bare soil ET (Doorenbros and Pruitt 1975). 
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3.18a. Average soil water tension in the 5 kPa    3.18b. Average soil water tension in the 10 kPa 
plots, McCall 2012.    plots, McCall 2012.             

     
3.18c. Average soil water tension in the 15          3.18d. Average soil water tension in the 20  
kPa plots, McCall 2012.    kPa plots, McCall 2012. 

 
3.18e. Average soil water tension in the 30 
kPa plots, McCall 2012. 
 
Figure 3.18a-e. Each of these figures depicts the average soil water tension for the five main 
plots that were intended to receive a specified irrigation treatment. A rising trend indicates soil 
drying. The 5 kPa treatment plots generally stayed above 5 kPa throughout the season. Plots in 
the 10 and 15 kPa treatments appeared to stay around their treatment criteria for most of the 
season. Plots in the 20 kPa treatment only reached 20 kPa at the end of June. Plots in the 30 kPa 
treatment did not reach 30 kPa until mid-July. The green line marks the start of irrigation, while 
the red line marks the end of irrigation.  
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3.19a. Plots of corn lily survival per   3.19b. Plots of average height of corn  

 split plot vs. treatment, McCall   lily per split plot vs. treatment, 
 2012.      McCall, 2012.   
  

 
 

 
3.19c. Plots of average diameter of  
corn lily persplit plot vs. treatment,  
McCall 2012. 
 

Figures 3.19a-c. Box plots of average survival, height, and diameter of each split plot versus 
adjusted treatment level for the Utah 2010 selection at McCall in 2012. Trends in growth and 
survival across treatments were not observed this year for this selection. 
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3.20a. Plots of corn lily survival per   3.20b. Plots of average height of corn  

 split plot vs. treatment, McCall   lily per split plot vs. treatment, 
 2012.      McCall, 2012.   
  

 
 

 
3.20c. Plots of average diameter of  
corn lily persplit plot vs. treatment,  
McCall 2012. 
 

Figures 3.20a-c. Box plots of average survival, height, and diameter of each split plot versus 
adjusted treatment level for Idaho and Utah 2011 selections at McCall in 2012. Trends in growth 
and survival across treatments were not observed this year for these selections. 
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Applied Water and Early Applied Water 

Linear regressions of the response variables (survival, height, and diameter) on applied water 

show mostly positive trends for all selections, meaning that plant growth and survival tended to 

increase with water application. The only negative relationships were diameter versus applied 

water for the Utah 2010 and Idaho 2011 selections. The only significant regressions (p=0.1) were 

survival versus applied water for Utah 2010 and Idaho 2011, which were positive relationships, 

indicating that the plant survival was greatest in treatments that received more applied water. 

Linear regressions of the response variables on early applied water are similar to those 

described above. The trends are mostly positive, aside from diameter versus early applied water 

for Utah 2010 and Idaho 2011. The three regressions for survival versus early applied water 

were significant. All positive regressions for early applied water had slopes that were more 

positive than those for applied water. These results are consistent with the hypothesis that 

abundant water early in the season may incur some advantage compared to consistent soil 

moisture throughout the season. 

Actual Average Soil Water Tension and Early Soil Water Tension 

Linear regressions of the response variables on average SWT were all negative, meaning that 

plant growth and survival generally decreased as soil became drier (or as tension increased). A 

significant trend (p=0.1) was observed for height versus average SWT for the Utah 2010 

selection.  

Linear regressions of the response variables on early SWT were largely negative. Two 

regressions were positive – diameter and height versus early SWT for the Idaho 2011 selection. 

The only significant trend was height versus early SWT for the Utah 2010 selection. Most of the 

negative regressions for early SWT are more negative than their regression counterparts for 

average SWT. Again, these results are consistent with the hypothesis that abundant water early 

in the growing season is important for plant growth and survival. 
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Treatment Level 

After sorting each split plot to the treatment it actually received, analysis of variance was 

conducted for each of the response variables (survival, height, and diameter) using treatment, 

block number, and selection as explanatory variables (Table 3.4). Results for each response 

variable are summarized below.  

1. Survival: ANOVA showed that no variables were significant in explaining differences in 

survival. There were no overall trends in plant survival as a function of treatment. 

2. Height: ANOVA showed that there were significant differences in average height 

between selections at the 5% level. The Utah 2010 selection had greater average height 

(48.8 cm) than either of the 2011 selections (21.0 for Idaho, 24.2 for Utah). There were 

no overall trends in plant height as a function of treatment. 

3. Diameter: ANOVA showed that no variables were significant in explaining differences 

in survival. There were no overall trends in plant diameter as a function of treatment.  
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Table 3.4. Summary of average corn lily (Veratrum californicum) plant survival, height, and 

diameter for all trial years at McCall by irrigation treatment and plant selection. In addition to an 

average, each cell also contains the standard deviation for treatments where n>1. Treatments 

are listed in order of wettest (0 kPa) to driest (30 kPa) soil water tension (SWT). Because these 

treatment levels are based on the actual soil water tension experienced by the plants in each 

split plot in the field, the treatment levels vary from year to year and among selections. For 

instance, some of the plants in the Idaho 2011 selection experienced at 5 kPa treatment, 

whereas the Utah 2011 plants did not. These values are the average of the average plant height, 

diameter, and survival from each split plot that contained plants of the same selection and 

experienced the same treatment level. The n column shows the number of split plots that were 

averaged for a given row of data. For instance, there were six split plots that contained the 

Idaho 2009 selection and experienced the 5 kPa treatment. Note that for many selections, 

survival and plant size decreased as irrigation criteria (kPa) increased. 

 

Year 

Planted

Plant 

Source 

Location

Irrigation 

Criteria 

(kPa)

Survival n=
Height 

(cm)

Diameter 

(mm)
Survival n=

Height 

(cm)

Diameter 

(mm)

5 0.81±0.28 6 38.9±3.7 11.6±1.2

10 0.75±0.19 12 35.9±4.3 11.0±1.1

15 0.79±0.11 2 33.7±1.6 11.0±2.5

5 0.24±0.20 7 36.5±5.4 12.9±2.3

10 0.36±0.19 11 40.0±11.3 13.1±1.2

15 0.57 1 44.3 13.5

0 0.91±0.07 6 36.7±3.7 16.3±1.6 0.86 1 49.5 17.3

5 0.81±0.23 13 36.6±6.7 15.7±1.8 0.79±0.43 4 54.4±11.3 16.7±2.6

10 0.71 1 37.4 15.6 0.94±0.08 5 48.3±4.9 16.8±1.6

15 0.80±0.11 7 50.7±6.5 17.1±1.2

20 0.76±0.30 3 37.6±3.8 15.3±1.1

5 0.57 1 15 16.5

10 0.88±0.12 11 21.3±3.2 15.5±1.6

15 0.76±0.09 3 25.6±2.3 17.1±0.2

20 0.84±0.13 5 18.9±1.8 14.5±2.1

10 0.98±0.05 9 24.5±3.2 16.4±1.5

15 0.95±0.07 9 23.7±3.3 16.2±1.4

20 1.00±0 2 25.1±0.6 17.0±1.5

0 0.86 1 49.5 17.3

5 0.63±0.36 19 37.3±4.7 13.6±2.6 0.74±0.38 5 46.5±20.2 16.7±2.2

10 0.65±0.29 37 37.4±7.8 13.4±2.4 0.93±0.10 25 27.8±11.1 16.1±1.6

15 0.71±0.12 4 37.3±5.1 12.8±2.7 0.87±0.12 19 33.9±13.9 16.7±1.3

20 0.84±0.18 10 25.8±8.8 15.2±1.9

Utah

Idaho

Utah

2
0

1
0

2
0

1
1

Combined Treatment                      

Averages by Year

McCall 2011 McCall 2012

Trial Site and Year Measured

Idaho

Utah

2
0

0
9
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Comparison of plants from different sources 

In addition to looking for differences among treatment levels, we also want to know if there are 

significant differences among plants from Idaho and those from Utah. Particularly, we are 

interested in knowing whether one of these groups has superior survival, as this may be 

indicative of hardier plant stock. Also, we want to know how the plants adjust to sudden 

changes in elevation. The Idaho plants are from a lower elevation than the Utah plants. If the 

Idaho plants have greater survival at both trial sites than the Utah plants, there may be reason 

to suspect that a large change in elevation affected the plant’s physiological adaptation. 

Analysis of variance was conducted to detect differences between selections that were 

transplanted during the same year. At Ontario in 2010, there were no significant differences in 

survival between the Utah and Idaho selections at the 10% level. Both had very high survival 

because it was their first year in the field. Utah plants were significantly larger in both height 

and diameter. At Ontario in 2011, there were no significant differences between the Idaho 2009 

and Utah 2009 selections in survival or plant size. At Ontario in 2012, there were no significant 

differences in survival between the Idaho 2011 and Utah 2011 selections. The Idaho 2011 

selection was greater in average height than the Utah 2011 selection. 

At McCall in 2011, the Idaho 2009 selection had significantly greater survival (77%) than the 

Utah 2009 selection (33%) at p=0.05. There were no significant differences in height or diameter 

between these selections. At McCall in 2012, there were no significant differences in survival, 

height, or diameter between the Idaho 2011 and Utah 2011 selections.  

 

Comparison of McCall and Ontario 

The object in comparing the two trial sites is to discern whether or not one of them was superior 

at fostering corn lily growth and survival. Our initial hypothesis was that the McCall site would 

produce larger plants with greater overall survival because the climate and soil more closely 

resemble corn lily’s natural environment; however, because McCall was such a naturally wet 

site, it was unclear whether plant differences were due to naturally high levels of soil moisture 

or some other environmental variable.  
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Plant response variables included survival, height and diameter and were compared between 

sites using analysis of variance. Explanatory variables included treatment level, block, selection, 

and site.  

In 2011, the Idaho 2009 selection had superior survival at McCall (77%) than at Ontario (51%) at 

p=0.05. However, the Utah 2010 selection had 97% survival at Ontario to 84% at McCall, and the 

Utah 2009 selection had 55% survival at Ontario and 33% survival at McCall. Both of these 

survival differences are significant at the 5% level. Both the Idaho 2009 and Utah 2009 

selections had significantly greater average height at McCall (36.6 cm and 39.0 cm respectively) 

than at Ontario (27.5 cm and 24.4 cm respectively) at p=0.05. The Utah 2010 selection did not 

vary substantially in height between sites. Site was not a significant variable in explaining 

differences in average diameter  

In 2012, the Idaho 2011 selection had significantly greater survival at Ontario (99%) compared 

with McCall (84%) at p=0.05. The Utah 2010 selection had significantly greater survival at McCall 

(83%) compared with Ontario (64%) at p=0.05. The Utah 2011 selection had similar survival 

between sites. The Utah 2010 and Utah 2011 selections both had significantly greater height at 

McCall (48.8 cm and 24.2 cm respectively) than at Ontario (31.0 cm and 17.7 cm respectively). 

The Idaho 2011 selection was similar in height between sites. Averaged over selections, McCall 

plants were significantly taller (31.3 cm) than Ontario plants (23.1 cm) at p=0.05. The Utah 2010 

selection had a significantly greater average diameter at McCall (16.7 mm) compared to Ontario 

(13.7 mm). Averaged over selections, McCall plants were significantly greater in diameter (16.2 

mm) than plants at Ontario (14.9 mm).  

When reviewing and interpreting the results of the irrigation trials, it is important to take into 

account that all of the survival and growth results pertaining to the Idaho 2011 and Utah 2011 

selections are likely to reflect most strongly the conditions during the previous season, during 

which they were still living at their places of origin. 
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Discussion 

The effects of irrigation treatments on plant survival and growth 

The objective of this research was to determine which irrigation regime would be most 

conducive to maximum corn lily growth and survival. While there were no significant differences 

among treatments in the data from Ontario in 2011, McCall in 2011, and McCall in 2012, the 

Ontario 2010 and 2012 data sets clearly show that the 5 kPa and 10 kPa treatments resulted in 

superior plant survival and growth compared to drier irrigation treatment criteria. Despite the 

absence of statistically significant ANOVA data in many of the trials, there were trends showing 

the greater plant growth of the plants in the wetter treatments in Tables 3.3 and 3.4, 

particularly among selections that have already been in the trial site for one season. This finding 

is consistent with much of the data from Chapter 2, where soil water tension in natural patches 

of corn lily would remain under 15 kPa at most sites for a large portion of the growing season. 

The simple linear regressions, for the most part, also support the claim that “wetter is better”. 

On the whole, plant growth and survival increased with increased water application, and 

decreased with increasing soil water tension (i.e. drier soils). Trends for which this was not the 

case were usually insignificant. It is also possible that there may be a legitimate negative effect 

on growth and survival from too much water. Rhizomes rot easily if a field is too wet, especially 

if the soil does not drain well. 

Results are mostly consistent with the hypothesis that abundant water early in the season may 

be more important than water later in the season. That is, a generous watering that saturates 

the soil early in the season followed by a dry period may result in superior growth and survival 

as compared to a steady watering above saturation throughout the season. There were two 

instances during the irrigation trials (both unintentional) that lead to this hypothesis. At McCall 

in 2011, the 30 kPa treatment plots were, on average, the wettest plots in the trial before 

treatment levels were sorted to reflect actual soil water tension. These 30 kPa plots also had 

significantly taller plants than any other treatment group. The average soil water tension for 

these plots stayed around 5 kPa until the beginning of June, at which point soil water tension 

began a steady climb. The 5 and 10 kPa plots (prior to sorting by achieved treatment) 

experienced the opposite conditions, whereby they started the season at 10 kPa and became 

wetter in July. The superiority of the plots which began the season at 5 kPa and dried out later in 
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the season indicated that a period of wetness at the start of the season may be part of the 

equation for corn lily success. The other instance where plants received abundant water at the 

beginning of a season occurred at Ontario in 2012, where the plots that were intended to 

receive the 15 kPa treatment were over-watered due to a faulty valve. The actual average SWT 

for plots in this treatment stayed at 4 kPa for nearly a month before reaching 15 kPa in mid-

May. Plants in these plots were almost as large as those in the 5 kPa treatment plots, in which 

irrigation maintained an average SWT of 5 kPa for the duration of the growing season.  

Both of the instances described above suggest that abundant water at the start of the season 

may be especially important to corn lily success; however, the simple linear regressions for 

applied water, early applied water, average soil water tension, and early average SWT do not 

consistently confirm that water early in the season is more important than water over the 

entirety of the season.  

Part of the difficulty in obtaining easily interpretable results in this study was the inconsistency 

between years at each trial site. At Ontario in 2010, the plants were exposed to very similar 

treatments, which may have impacted their growth in 2011. The life history strategy of corn lily 

plants is such that the previous year’s conditions may have as great an impact as the current 

season’s conditions on growth and survival in the current season. This is probably the case with 

nutrient usage. The function of a rhizome and thick storage roots may be to store nutrients and 

carbohydrates that keep the plant alive during its dormancy and fuel rapid growth during the 

following season (Kleijn, Treier, and Müller-Schärer 2005). Nutrients taken up by the roots and 

carbohydrates generated from photosynthesis during the few months of growth are stored in 

the rhizome for the following year (Kleijn, Treier, and Müller-Schärer 2005). 

There is limited information on how this plant uses its water resources on a physiological level. A 

broader understanding of how the plant responds to drought, how it responds to water 

inundation, and its root water uptake capacity would be helpful in understanding why the plant 

prefers certain environments and soil moisture regimes over others. This research suggests that 

this plant does have a high rate of water uptake; hence, it prefers water rich environments. 

Figures 2.1a to 2.1h show a very fast drying in the ‘too dry’ sections adjacent to corn lily, which 

were habitat for sagebrush and associated grasses. Once the sagebrush and grass was removed 
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and planted with corn lily, as in the irrigation trial at McCall, rapid soil drying did not occur. This 

was most evident in the 30 kPa plots at McCall in 2011, where very little water was added past 

June 16 (Figure 3.13) because the soil did not dry (Figure 3.14e). The high soil moisture levels 

despite low water input may have been indicative of low rates of water uptake and use by corn 

lily. At this point, it is unknown if this plant is water inefficient. Water inefficiency is not 

generally associated with slow growing plants; however, it is not unheard of (Clifton-Brown and 

Lewandowski 2000). This could be an adaptive response to living in a wet environment, whereby 

corn lily has little need to expend extra energy on water efficiency mechanisms.  

Comparison of plant source locations 

There did not appear to be any consistent differences between plants from near Fairfield, Idaho 

and plants from Boulger Canyon in Utah with regard to plant size. Any differences observed 

between the 2009 selections and between the 2011 selections were likely due to differences in 

plant size prior to transplanting and/or genetics. Differences in survival between selections 

appeared to be non-existent, although the clear dominance of the Idaho selection at McCall in 

2011 does provide a good reason to probe deeper.  

One of the original hypotheses of this work was that a large change in elevation from source 

location to trial site could negatively impact the plants. Plants coming from higher elevations 

would therefore have a more difficult time adjusting to a low elevation trial site.  Because the 

Utah 2009 plants came from Boulger Canyon in Manti-La Sal National Forest at an elevation of 

2,908 meters (9,541 ft), and the Fairfield, Idaho 2009 plants came from an elevation of 1,668 

meters (5,472 ft), the Idaho plants could have survived better at Ontario in 2010 and 2011 

(elevation 650 meters (2,132 ft)) and McCall in 2011 (elevation 1,480 meters (4,856 ft)). This 

does not appear to be the case in Ontario for either year. The Idaho 2009 plants did have 

superior survival to the Utah 2009 plants at McCall in 2011.  

There is also no evidence consistent with the hypothesis of better survival or performance with 

less elevation change in the 2012 season. The Utah plants came from Manti-La Sal at 2908 

meters (9,541 ft), while the Idaho plants came from Fairfield at an elevation of 1668 meters 

(5,472 ft). Fairfield plants did not outperform Utah plants at either site.  
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Ontario and McCall site comparison 

The site to site comparison did not provide entirely consistent results. In most cases, it appears 

that plants at McCall tended to have greater overall survival and growth than plants at Ontario 

in both 2011 and 2012. The differences in growth and survival could be due to a variety of 

environmental factors. As stated earlier, the environment at the McCall trial site closely 

resembles the natural environment of corn lily. The temperature at McCall tends to be 6°C 

(10°F) cooler than Ontario at any given time. Though there is no conclusive evidence to date 

that warmer temperatures are detrimental to the plant, observations at Ontario do suggest that 

the plants perform better in cooler locations. Cooler temperatures at McCall also mean that the 

rhizomes experienced a longer chilling period than they would at Ontario, which may impact 

plant growth and survival. In addition, soil characteristics vary between sites. Soils at Ontario 

have larger proportions of silt and clay, while soils at McCall are sandy and coarse. Sandy soils 

tend to be well drained. The sandy soil at McCall did not dry as quickly or as deeply as finer soils 

at Ontario. McCall soils will drain quickly but will remain near field capacity for long periods of 

time compared to Ontario soils. Also, the soils at Ontario are less acidic than McCall soils. Soil 

surveys of natural corn lily soils, discussed in Chapter 2, show that corn lily prefers soils with a 

pH less than 7. In summary, temperature and soil characteristics such as texture and acidity are 

all possible causes for superior growth and survival of corn lily at McCall. 

It should be noted that comparing growth and survival of plants between Ontario and McCall is 

challenging. First, there were naturally high levels of soil moisture at McCall resulting from snow 

pack in 2010 and 2011 and heavy rainfall every spring, making it difficult to impose treatment 

differences on the plants. Essentially, a 15 kPa treatment at McCall was very different from a 15 

kPa treatment at Ontario. Plants at Ontario may be exposed to water stress early in their 

growth, while plants at McCall are not. The inability to standardize the treatments across both 

trial sites made it difficult to evaluate the effects of other environmental variables on plant 

growth and survival. 

Secondly, mechanical problems and weather related circumstances at McCall in 2010 and 2011 

meant that the prescribed treatments were not usually the actual treatments received by the 

plants. Circumstances in 2010 prevented automated irrigation, and wet weather in 2011 caused 
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the transplants to receive almost identical treatments across groups. This was problematic 

because effects of one growing season may change plant behavior in the following season. The 

impacts of very wet soil at McCall in 2011 carried into the 2012 season, making it difficult to 

make any direct comparisons between Ontario and McCall in terms of plant growth and survival.
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Conclusions and Opportunities for Further Research 

The major objectives of this research were to (1) gain insight into the natural soil moisture 

patterns of corn lily’s native environment, and (2) begin to characterize the optimal irrigation 

regime so that corn lily can be grown in an agricultural setting. Four years of environmental 

monitoring revealed that corn lily soils generally do not dry beyond 30 kPa soil water tension 

until after the first month of plant growth. Using this information, five irrigation treatments 

were chosen for field experiments. Treatments that held the soil at 5 kPa or 10 kPa soil water 

tension for the duration of the season produced more shoot and root growth than drier 

treatments. Treatments that kept the ground very wet at the beginning of the season but dried 

out later in the season were also very successful. This suggests that abundant water at the 

beginning of the season is very important for plant growth.  

Further irrigation studies should examine a more varied water regime, instead of a constant soil 

water tension. Natural patterns show that corn lily soils stay very wet early on in the season and 

gradually (or rapidly) dry. Subsequent irrigation studies could vary the amount of water over the 

course of corn lily maturation. For instance, larger stands may be achieved (and irrigation costs 

kept down) if the plants in bud are kept near saturation for the initial phases of growth, and 

gradually dried. Natural corn lily soils begin to dry down roughly two months after bud 

emergence, but the irrigation trials conducted in this study continued with the same irrigation 

criteria until the plants were approaching dormancy – well beyond the two month mark. Studies 

of some plant species have shown that over-watering can lead to a decrease in yield, and that 

slight water deficits may actually translate to an increase in yield for some crop species (Turner 

1990). While corn lily is not a domesticated crop, it may abide by some of these principles.  

A review of current literature and observations in the field reveals the ideal natural environment 

for corn lily cultivation is cool and wet, with unique soil properties. Unless corn lily can be 

modified to thrive in more traditional agricultural areas, corn lily cultivation is much too 

expensive to conduct anywhere except in these ideal environments. At Ontario, the plants 

required an extremely high input of water and soil additives to adjust the pH, texture, and 

nutrient status of the soil. This is not economically feasible for farmers with limited resources.  
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In summary, while research on cultivation of Veratrum californicum conducted at MES has 

provided important information about the moisture requirements of this wild plant in its natural 

habitat and information about optimal moisture conditions for its growth in cultivation, there 

are still many areas in which further information is needed. Because there is great potential for 

this plant to be of use in the pharmaceutical industry for the treatment of various types of 

cancer, cultivation research will be important and should be undertaken in a timely manner.  

Key areas of research that could be important include information concerning the physiology of 

the plant and its water use in various stages of growth, improved understanding of the 

relationship between above-ground growth and growth in root mass, and finally, improved 

understanding of the relationship between root growth, growth environment, and cyclopamine 

concentration in the roots. The most important metric of success for growers cultivating this 

plant is total production of cyclopamine, the compound of pharmaceutical interest. The 

contribution made by the work presented here, as well as parallel studies on optimal soil 

texture, acidity, and nutrient conditions have filled some of the initial gaps in our knowledge.  

The work presented here is one step along the pathway to the success of future research in the 

cultivation of this important plant.
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Appendix A1. 

The irrigation trial design for Ontario, OR, for 2010, 2011, and 2012 growing seasons. Figure A1.1 shows 
the trial layout, consisting of 20 plots. The numbers 1-20 were assigned for record keeping purposes. 
There is also an inset of one plot (Figure A1.1a) showing how the plants are organized within each plot. 
Figure A1.2 shows which plots experienced each treatment. For instance, plot 11 experienced treatment 
2. The bold lines in Figure A1.2 depict each experimental block. There are four total. Treatments were 
randomly assigned within each block. Figures A1.3 to A1.5 show that each plot was divided into four 
split plots the position of each selection within each plot for a given trial year. Figure A1.3  

 

 
Figure A1.1. Irrigation plot numbers 

  
 
 
 
     
Figure A1.1a. This is an inset of one of the twenty plots above when the plot divided into four split plots 
and is fully planted. Each “v” represents one corn lily plant, and the bold v’s represent the plants that 
were measured. The other plants were edge rows and were not included in any analysis. For 2010 and 
2011, the plots were only partially planted. In 2012, each plot was fully planted. 

 

 
Figure A1.2. Irrigation treatments by plot (1 = 10 kPa, 2 = 15 kPa, 3 = 20 kPa, 4 = 30 kPa, 5 = 5 kPa*); bold 
lines show borders of each block. 
*5 kPa treatment was not added to the study until the middle of the 2010 growing season. It had 
previously been a 25 kPa treatment. 
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Figure A1.3. Selection setup for the 2010 growing season (1 = Idaho 2009, 2 = Utah 2009, x = empty). 
Both selections were planted in the fall of 2009. 
 

 
Figure A1.4. Selection setup for the 2011 growing season (1 = Idaho 2009, 2 = Utah 2009, 3 = Utah 2010, 
x = empty). Selections 1 and 2 were planted in the fall of 2009, and selection 3 was planted in the fall of 

2010. 
 

 
Figure A1.5. Selection setup for the 2012 growing season (3 = Utah 2010, 4 = Idaho 2011, 5 = McCall 
2011, 6 = Utah 2011). Selections 1 and 2 from previous years were uprooted and replaced in the fall of 
2011. Selections 4, 5, and 6 were planted in the fall of 2011, and selection 3 was planted in the fall of 
2010. 

1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x

2 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x

1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x

2 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x

1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x

2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3

1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x 1 x

2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3
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5 3 6 3 4 3 5 3 6 3 4 3 5 3 6 3 6 3 6 3

4 5 5 4 6 5 6 4 6 5 4 6 5 6 4 5 5 4 4 6

6 3 6 3 4 3 5 3 4 3 5 3 4 3 6 3 6 3 5 3
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Appendix A2. 

Irrigation trial design for McCall, ID, for the 2011 and 2012 growing seasons. 

 

 
Figure A2.1. Irrigation plot numbers. 

 

 
Figure A2.2. Irrigation treatments by plot (1 = 10 kPa, 2 = 15 kPa, 3 = 20 kPa, 4 = 30 kPa, 5 = 5 kPa); bold 
lines show borders of each block. 

 

 
Figure A2.3. Selection setup for the 2011 growing season (1 = Idaho 2009, 2 = Utah 2009, 3 = Utah 2010, 
x = empty). Selections 1 and 2 were planted in the fall of 2009, and selection 3 was planted in the fall of 
2010. 

 

 
Figure A2.4. Selection setup for the 2012 growing season (3 = Utah 2010, 4 = Idaho 2011, 5 = McCall 
2011, 6 = Utah 2011). Selections 1 and 2 from previous years were uprooted and replaced in the fall of 
2011. Selections 4, 5, and 6 were planted in the fall of 2011, and selection 3 was planted in the fall of 
2010.  
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Appendix B1. 

Temperature and precipitation data for Ontario, OR. 

 

  
 
Figure B1.1. Weather data for the 2010 growing season at Ontario 

 

 
 
Figure B1.2. Weather data for the 2011 growing season at Ontario. 
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Figure B1.3. Weather data for the 2012 growing season at Ontario 

 
Source: Agrimet, U.S. Bureau of Reclamation 
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Appendix B2. 

Temperature and precipitation data for McCall, ID. 

 

 

Figure B2.1. Weather data for the 2011 growing season at McCall 

 
 

 

Figure B2.2. Weather data for the 2012 growing season at McCall. 

 
 
 
 
Source: National Weather Service and Campbell Scientific ET107 datalogger (installed June 2011 
by MES).  
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Appendix C. 

Sensor calibration and maintenance for Irrometer tensiometers and watermark soil moisture sensors. 
 
Watermarks (Granular Matrix Soil Sensors) 
Watermark soil moisture sensors had been previously calibrated in soil at Ontario, OR (Shock et al. 1998, 
Shock 2003). 
 
Watermark moisture sensors were read using Equation 1 below: 

Eqn 1:    S = 
               

                    
 

Where S is soil water tension, R is sensor resistance, and T is soil temperature (Shock et al. 1998, Shock 
2003). Watermark sensors are only calibrated for temperature between 15°C and 25°C, so any reading 
with a temperature outside this range will have some error. This equation was developed for soil water 
tension values between -10 kpa and -75 kpa. Prior to use in the field, all Watermark sensors were tested 
to ensure accurate readings. Watermarks that are completely dry should read above 200 kpa. After a 
minute of being submerged, the Watermark sensor should read between 0 and 3 kPa. If these initial 
readings were out of this range, then the Watermark sensor was discarded. 
 
Tensiometers 
Tensiometers did not require calibration. Tensiometers were prepared for installation by submerging 
ceramic cups in deionized water. Tensiometer fluid (25% isopropyl alcohol) was poured into the 
reservoir. A tensiometer pump was used to push the fluid into the column until the tensiometer gage 
read zero. The reservoir was then refilled with tensiometer fluid. At this point, the gage read zero.  
 
Tensiometers must be serviced throughout the growing season to ensure proper readings. Common 
maintenance procedures include refilling the tensiometer reservoir with fluid, and pumping the 
tensiometer if any breaks in the liquid column occur. Breaks in the column generally only occur above 40 
kPa (Smajstrla and Koo 1986).  
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Appendix D. 

This appendix summarizes root excavation and processing methods in 2012, the ability of plant height 
and plant stalk diameter to predict root mass, and treatment effect on root mass.   
 
Root Excavation 2012 Ontario and McCall 
Because the chemical compound of interest is located in the root of the plant, it is root mass, not plant 
height or stalk diameter, that is the response variable of greatest interest. Since root mass is an 
impossible measurement to obtain without excavating the entire plant,  shoot height and stalk diameter 
were used as proxies for root mass in the irrigation study.  
 
To establish a strong relationship between root mass and shoot height and diameter, plants were 
excavated from the irrigation trials in Ontario on July 18-19, 2012 and at McCall on July 25, 2012. Only 
two selections were excavated at both sites – the Utah 2010 and Fairfield 2011 plantings – because 
these selections were more successful in growth and overall survival. Roots were washed and rinsed in 
deionized water. Roots and shoots were weighed separately, and dried at 60°C for approximately one 
week. Roots and shoots were then weighed again. The relationship between root mass and plant 
parameters height and diameter was obtained using statistical software. The relationships between root 
mass and treatment, and root mass and plant source location were also determined.  

 

   
Figure D.1. Root excavation at Ontario (left) and root washing at McCall (left). 

 
Results 

Results reported here are only those from the McCall site. The Ontario excavation was made very 

difficult by clay heavy soils, which resulted in root brea age. There was also substantial measurer’s bias 

in the washing and weighing of the roots, as many individuals were involved in the process. Sandy soils 

at McCall made for an easier excavation and less root breakage. In addition, the washing and weighing 

for the McCall plants was all done by the same people for every plant, so the potential for variation in 

washing and measurement methods was minimal. These two reasons made it logical to exclude the 

Ontario data from these results. 
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The objective of the root excavation is twofold. First, in order to use height and diameter measurements 

to signify success in an irrigation treatment, it must be demonstrated that larger height and diameter 

measurements correspond to larger root mass. Correlations of shoot diameter and root mass, and shoot 

height and root mass are shown below in Figures D.2 and D.3, respectively. 

  
Figure D.2 (left), and Figure D.3 (right): There are positive, linear relationships between shoot diameter 
and root mass, and shoot height and root mass. A natural log scale is used for root mass because 
variability was not equal in the data. Utah plants tend to be larger than Idaho plants. 
 

These figures show a positive, linear relationship between shoot diameter and the natural log of root 

mass (R squared = 0.46), and a positive, linear relationship between shoot height and the natural log of 

root mass (R squared = 0.62). We can then model root mass as a function of shoot height and shoot 

diameter using NCSS statistical software: 

Root Mass = e{2.56 + 0.40(Shoot Diameter) + 0.02(Shoot Height)} 

This is the best and simplest model that fits the McCall data. In this model, shoot height and diameter 

are in centimeters, and root mass is in units of grams. For every unit increase in plant height diameter, 

root mass increases by a factor of 1.49 {95% confidence interval: 1.23, 1.80}. For every unit increase in 

plant height, root mass increases by a factor of 1.022 {95% confidence interval: 1.016, 1.024}. All 

coefficients were significant at p=0.05.  

 

Root Mass Analysis by Treatment level 

As cyclopamine is primarily contained in the roots of corn lily, root mass is the variable we are trying to 

maximize with irrigation. For the Idaho 2011 and Utah 2010 selections of the 2012 planting at McCall, 

we can determine whether treatment level impacts root growth. ANOVA of root mass using adjusted 
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treatment level, selection, and block as explanatory variables showed no significant differences in mass 

among roots exposed to different levels of irrigation, and no significant differences in mass between the 

Idaho 2011 and Utah 2010 selections. A simple linear regression of root mass versus treatment (Figure 

D.4) shows that root mass decreases as the soil gets drier. The relationship is significant at p=0.05.  

 

Figure D.4. A simple linear regression of root mass on treatment level. There is a clear negative 

relationship between root mass and soil water tension, which is significant at p=0.05.  
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Appendix E. 

Regression output for all simple linear regressions. Explanatory variables are applied water at two 
months (“applied water”), applied water at one month (“early applied water”), actual average soil water 
tension over the first two months of irrigation (“average SWT”), and actual average soil water tension 
over the first month of irrigation (“early SWT”). Response variables are diameter, height, and survival. 
Dark shaded rows are those that have a significant slope at p=0.5 and light shaded rows have a 
significant slope at p=0.1.  
 
Table E.1. Regression output for Ontario, 2010. 

 
 
 
 
 
 
 
 
 

Explanatory Response Selection Slope p value Intercept p value n

Applied Water Diameter Idaho 2009 -0.015 0.9295 13.9 0 16

Applied Water Diameter Utah 2009 0.496 0.004 15 0 16

Applied Water Height Idaho 2009 0.28 0.2603 17.1 0 16

Applied Water Height Utah 2009 1.208 0.0296 23.8 0 16

Applied Water Survival Idaho 2009 0.009 0.1464 0.922 0 16

Applied Water Survival Utah 2009 0.01 0.5098 0.847 0 16

Early Applied Water Diameter Idaho 2009 -0.0021 0.9939 13.9 0 16

Early Applied Water Diameter Utah 2009 0.79 0.0046 15.3 0 16

Early Applied Water Height Idaho 2009 0.47 0.2365 17.2 0 16

Early Applied Water Height Utah 2009 1.96 0.0279 24.5 0 16

Early Applied Water Survival Idaho 2009 0.0146 0.1362 0.9271 0 16

Early Applied Water Survival Utah 2009 0.0152 0.5252 0.854 0 16

Average SWT Diameter Idaho 2009 0.0133 0.9322 13.7 0 16

Average SWT Diameter Utah 2009 -0.4295 0.0081 22.8 0 16

Average SWT Height Idaho 2009 -0.2436 0.2877 21.51 0 16

Average SWT Height Utah 2009 -1.0529 0.0413 42.85 0 16

Average SWT Survival Idaho 2009 -0.0089 0.1106 1.0774 0 16

Average SWT Survival Utah 2009 -0.0101 0.4601 1.022 0.0001 16

Early SWT Diameter Idaho 2009 0.0145 0.9362 13.69 0.0001 16

Early SWT Diameter Utah 2009 -0.4901 0.0093 23.45 0 16

Early SWT Height Idaho 2009 -0.2791 0.2925 21.91 0 16

Early SWT Height Utah 2009 -1.204 0.0441 44.53 0 16

Early SWT Survival Idaho 2009 -0.0104 0.1063 1.0946 0 16

Early SWT Survival Utah 2009 -0.0118 0.4547 1.0417 0.0002 16

Ontario 2010
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Table E.2. Regression output for Ontario, 2011. 

 
 
 
 
 

Explanatory Response Selection Slope p value Intercept p value n

Applied Water Diameter Idaho 2009 0.058 0.170 11.43 0.000 20

Applied Water Diameter Utah 2009 0.051 0.316 13.61 0.000 19

Applied Water Diameter Utah 2010 -0.021 0.638 18.79 0.000 20

Applied Water Height Idaho 2009 0.070 0.486 26.55 0.000 20

Applied Water Height Utah 2009 0.133 0.238 22.66 0.000 19

Applied Water Height Utah 2010 0.318 0.002 31.73 0.000 20

Applied Water Survival Idaho 2009 0.008 0.133 0.42 0.000 20

Applied Water Survival Utah 2009 0.004 0.481 0.50 0.000 20

Applied Water Survival Utah 2010 0.001 0.416 0.96 0.000 20

Early Applied Water Diameter Idaho 2009 0.125 0.170 11.23 0.000 20

Early Applied Water Diameter Utah 2009 0.119 0.279 13.37 0.000 19

Early Applied Water Diameter Utah 2010 -0.038 0.694 18.80 0.000 20

Early Applied Water Height Idaho 2009 0.157 0.473 26.28 0.000 20

Early Applied Water Height Utah 2009 0.302 0.218 22.11 0.000 19

Early Applied Water Height Utah 2010 0.690 0.002 30.66 0.000 20

Early Applied Water Survival Idaho 2009 0.017 0.128 0.39 0.001 20

Early Applied Water Survival Utah 2009 0.009 0.480 0.49 0.000 20

Early Applied Water Survival Utah 2010 0.003 0.361 0.95 0.000 20

Average SWT Diameter Idaho 2009 -0.151 0.018 14.13 0.000 20

Average SWT Diameter Utah 2009 -0.216 0.052 16.44 0.000 19

Average SWT Diameter Utah 2010 0.109 0.272 17.41 0.000 20

Average SWT Height Idaho 2009 -0.285 0.065 31.14 0.000 20

Average SWT Height Utah 2009 -0.215 0.410 26.56 0.000 19

Average SWT Height Utah 2010 -0.582 0.018 41.74 0.000 20

Average SWT Survival Idaho 2009 -0.021 0.006 0.78 0.000 20

Average SWT Survival Utah 2009 -0.015 0.232 0.70 0.000 20

Average SWT Survival Utah 2010 -0.001 0.730 0.98 0.000 20

Early SWT Diameter Idaho 2009 -0.135 0.016 13.74 0.000 20

Early SWT Diameter Utah 2009 -0.138 0.108 15.59 0.000 19

Early SWT Diameter Utah 2010 0.122 0.106 17.35 0.000 20

Early SWT Height Idaho 2009 -0.280 0.036 30.72 0.000 20

Early SWT Height Utah 2009 -0.123 0.538 25.59 0.000 19

Early SWT Height Utah 2010 -0.624 0.000 41.80 0.000 20

Early SWT Survival Idaho 2009 -0.019 0.004 0.73 0.000 20

Early SWT Survival Utah 2009 -0.010 0.296 0.65 0.000 20

Early SWT Survival Utah 2010 0.000 0.913 0.97 0.000 20

Ontario 2011
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Table E.3. Regression output for Ontario, 2012. 

 
 
 
 
 

Explanatory Response Selection Slope p value Intercept p value n

Applied Water Diameter Idaho 2011 0.056 0.011 14.35 0.000 20

Applied Water Diameter Utah 2011 0.035 0.168 15.33 0.000 20

Applied Water Diameter Utah 2010 0.191 0.000 10.59 0.000 20

Applied Water Height Idaho 2011 0.328 0.000 15.17 0.000 20

Applied Water Height Utah 2011 0.398 0.000 11.26 0.000 20

Applied Water Height Utah 2010 0.497 0.000 23.01 0.000 20

Applied Water Survival Idaho 2011 -0.001 0.134 1.00 0.000 20

Applied Water Survival Utah 2011 -0.001 0.313 0.98 0.000 20

Applied Water Survival Utah 2010 0.009 0.005 0.49 0.000 20

Early Applied Water Diameter Idaho 2011 0.074 0.026 14.50 0.000 20

Early Applied Water Diameter Utah 2011 0.047 0.213 15.42 0.000 20

Early Applied Water Diameter Utah 2010 0.260 0.000 11.03 0.000 20

Early Applied Water Height Idaho 2011 0.488 0.000 15.49 0.000 20

Early Applied Water Height Utah 2011 0.530 0.000 12.30 0.000 20

Early Applied Water Height Utah 2010 0.759 0.000 23.20 0.000 20

Early Applied Water Survival Idaho 2011 -0.001 0.329 1.00 0.000 20

Early Applied Water Survival Utah 2011 -0.001 0.441 0.98 0.000 20

Early Applied Water Survival Utah 2010 0.012 0.015 0.51 0.000 20

Average SWT Diameter Idaho 2011 -0.129 0.012 16.74 0.000 20

Average SWT Diameter Utah 2011 -0.063 0.311 16.63 0.000 20

Average SWT Diameter Utah 2010 -0.364 0.002 18.18 0.000 20

Average SWT Height Idaho 2011 -0.572 0.007 27.06 0.000 20

Average SWT Height Utah 2011 -0.822 0.000 27.28 0.000 20

Average SWT Height Utah 2010 -0.914 0.003 42.36 0.000 20

Average SWT Survival Idaho 2011 0.001 0.330 0.98 0.000 20

Average SWT Survival Utah 2011 0.002 0.488 0.95 0.000 20

Average SWT Survival Utah 2010 -0.018 0.020 0.86 0.000 20

Early SWT Diameter Idaho 2011 -0.129 0.013 16.60 0.000 20

Early SWT Diameter Utah 2011 -0.058 0.317 16.51 0.000 20

Early SWT Diameter Utah 2010 -0.349 0.001 17.68 0.000 20

Early SWT Height Idaho 2011 -0.613 0.004 26.87 0.000 20

Early SWT Height Utah 2011 -0.768 0.000 25.83 0.000 20

Early SWT Height Utah 2010 -0.989 0.000 42.40 0.000 20

Early SWT Survival Idaho 2011 0.001 0.323 0.98 0.000 20

Early SWT Survival Utah 2011 0.001 0.777 0.96 0.000 20

Early SWT Survival Utah 2010 -0.020 0.003 0.87 0.000 20

Ontario 2012
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Table E.4. Regression output for McCall, 2011. 

 
 

Explanatory Response Selection Slope p value Intercept p value n

Applied Water Diameter Idaho 2009 -0.018 0.517 11.42 0.000 20

Applied Water Diameter Utah 2009 -0.002 0.962 13.10 0.000 19

Applied Water Diameter Utah 2010 -0.012 0.753 16.02 0.000 20

Applied Water Height Idaho 2009 -0.144 0.124 38.23 0.000 20

Applied Water Height Utah 2009 0.335 0.164 35.45 0.000 19

Applied Water Height Utah 2010 -0.002 0.987 36.70 0.000 20

Applied Water Survival Idaho 2009 0.003 0.573 0.74 0.000 20

Applied Water Survival Utah 2009 -0.001 0.875 0.34 0.000 20

Applied Water Survival Utah 2010 0.007 0.120 0.76 0.000 20

Early Applied Water Diameter Idaho 2009 -0.037 0.495 11.50 0.000 20

Early Applied Water Diameter Utah 2009 -0.005 0.948 13.12 0.000 19

Early Applied Water Diameter Utah 2010 -0.020 0.791 16.04 0.000 20

Early Applied Water Height Idaho 2009 -0.281 0.123 38.77 0.000 20

Early Applied Water Height Utah 2009 0.647 0.168 34.26 0.000 19

Early Applied Water Height Utah 2010 -0.003 0.990 36.70 0.000 20

Early Applied Water Survival Idaho 2009 0.005 0.590 0.73 0.000 20

Early Applied Water Survival Utah 2009 -0.001 0.904 0.34 0.001 20

Early Applied Water Survival Utah 2010 0.013 0.137 0.74 0.000 20

Average SWT Diameter Idaho 2009 -0.067 0.487 11.83 0.000 20

Average SWT Diameter Utah 2009 0.064 0.690 12.51 0.000 19

Average SWT Diameter Utah 2010 -0.177 0.278 17.44 0.000 20

Average SWT Height Idaho 2009 -0.503 0.116 41.29 0.000 20

Average SWT Height Utah 2009 1.514 0.099 25.60 0.005 19

Average SWT Height Utah 2010 -0.098 0.864 37.54 0.000 20

Average SWT Survival Idaho 2009 0.004 0.822 0.74 0.000 20

Average SWT Survival Utah 2009 0.051 0.004 -0.12 0.405 20

Average SWT Survival Utah 2010 -0.020 0.310 1.01 0.000 20

Early SWT Diameter Idaho 2009 0.075 0.680 10.65 0.000 20

Early SWT Diameter Utah 2009 -0.010 0.962 13.16 0.000 19

Early SWT Diameter Utah 2010 0.092 0.655 15.19 0.000 20

Early SWT Height Idaho 2009 -0.463 0.450 40.02 0.000 20

Early SWT Height Utah 2009 1.389 0.232 28.60 0.004 19

Early SWT Height Utah 2010 0.247 0.728 34.82 0.000 20

Early SWT Survival Idaho 2009 0.039 0.202 0.48 0.045 20

Early SWT Survival Utah 2009 0.011 0.659 0.25 0.203 20

Early SWT Survival Utah 2010 -0.007 0.765 0.89 0.000 20
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Table E.5. Regression output for McCall, 2012. 

Explanatory Response Selection Slope p value Intercept p value n

Applied Water Diameter Idaho 2011 -0.031 0.524 15.84 0.000 20

Applied Water Diameter Utah 2011 0.045 0.242 15.88 0.000 20

Applied Water Diameter Utah 2010 -0.007 0.881 16.77 0.000 20

Applied Water Height Idaho 2011 0.072 0.476 20.23 0.000 20

Applied Water Height Utah 2011 0.123 0.141 22.85 0.000 20

Applied Water Height Utah 2010 0.084 0.717 47.89 0.000 20

Applied Water Survival Idaho 2011 0.008 0.035 0.75 0.000 20

Applied Water Survival Utah 2011 0.002 0.121 0.95 0.000 20

Applied Water Survival Utah 2010 0.013 0.021 0.68 0.000 20

Early Applied Water Diameter Idaho 2011 -0.075 0.403 15.88 0.000 20

Early Applied Water Diameter Utah 2011 0.081 0.263 15.97 0.000 20

Early Applied Water Diameter Utah 2010 -0.004 0.967 16.72 0.000 20

Early Applied Water Height Idaho 2011 0.086 0.650 20.58 0.000 20

Early Applied Water Height Utah 2011 0.223 0.153 23.08 0.000 20

Early Applied Water Height Utah 2010 0.180 0.679 47.91 0.000 20

Early Applied Water Survival Idaho 2011 0.014 0.039 0.77 0.000 20

Early Applied Water Survival Utah 2011 0.005 0.080 0.95 0.000 20

Early Applied Water Survival Utah 2010 0.025 0.022 0.71 0.000 20

Average SWT Diameter Idaho 2011 -0.033 0.734 15.92 0.000 20

Average SWT Diameter Utah 2011 -0.039 0.680 16.87 0.000 20

Average SWT Diameter Utah 2010 -0.058 0.454 17.37 0.000 20

Average SWT Height Idaho 2011 -0.015 0.941 21.20 0.000 20

Average SWT Height Utah 2011 -0.122 0.559 25.73 0.000 20

Average SWT Height Utah 2010 -0.795 0.032 58.09 0.000 20

Average SWT Survival Idaho 2011 -0.002 0.757 0.87 0.000 20

Average SWT Survival Utah 2011 -0.001 0.788 0.99 0.000 20

Average SWT Survival Utah 2010 -0.005 0.669 0.88 0.000 20

Early SWT Diameter Idaho 2011 0.131 0.348 14.06 0.000 20

Early SWT Diameter Utah 2011 -0.128 0.274 17.84 0.000 20

Early SWT Diameter Utah 2010 -0.150 0.177 18.28 0.000 20

Early SWT Height Idaho 2011 0.371 0.200 16.93 0.000 20

Early SWT Height Utah 2011 -0.255 0.322 27.11 0.000 20

Early SWT Height Utah 2010 -1.396 0.008 63.56 0.000 20

Early SWT Survival Idaho 2011 -0.006 0.577 0.90 0.000 20

Early SWT Survival Utah 2011 -0.004 0.376 1.02 0.000 20

Early SWT Survival Utah 2010 -0.002 0.906 0.85 0.000 20
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