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      The role of unusual geologies in plant distribution and form is well-known.  

Serpentine (ultramafic) soils exert a particularly strong influence on plants, as evidenced 

by a high level of endemism and the morphological and physiological traits displayed in 

adaptation to the extraordinary chemistry of these substrates.  Adaptation may lead to 

ecotypic differentiation, in which a genotypic response to substrate is evident.  In the case 

of rare taxa, these ecotypes assume an important role in the conservation and recovery of 

the species.  Any management efforts, including population creation and augmentation, 

should reflect these patterns of differentiation.  Lomatium cookii Kagan (Apiaceae) is 

found in southwest Oregon in two isolated population centers with unique edaphic 

characteristics, one in ephemeral wet meadows and vernal pools on soils of non-

serpentine parentage and the other in ephemeral wet meadows on soils of serpentine and 

non-serpentine parentage.  This study sought to quantify edaphic differences between 

habitats, examine ecotypic differentiation between populations, and develop a practical 

germination and cultivation protocol reflective of that ecotypic differentiation.  Field 

studies examined floral and fruit morphology and phenology of natural populations.  

Reciprocal greenhouse investigations evaluated influence of substrate and seed source on 

vegetative morphology, survival, and flowering.  Germination and propagation 

requirements were also examined.  Overall, differences in soil chemistry existed between 

population centers; serpentine soils had higher concentrations of heavy metals, lower 



 

macronutrient concentrations, and lower calcium:magnesium ratios. Phenotype and 

several floral and fruit morphology characters differed significantly between population 

centers.  Reciprocal greenhouse studies indicated a genotype by substrate interaction and 

a difference in vegetative morphology between serpentine and non-serpentine 

populations.  Germination required 12 weeks of cold-moist stratification at 4° C; warm-

dry after-ripening and post-stratification temperature regime were not significantly 

correlated with germination.  Greenhouse transplants from both population centers grew 

tallest, had the highest biomass, and the greatest probability of survival in non-serpentine 

soil.  These results have taxonomy and conservation applications.  While clear 

differences among populations were noted, taxonomic recognition is not merited.  

Conservation and management activities should, however, occur in accordance with the 

observed patterns of diversity. 
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Serpentine and Non-Serpentine Edaphic Ecology and the Recovery of Lomatium 
cookii, an Endangered Endemic of Southwest Oregon 

 
Chapter 1 

Introduction 
 

 Effective conservation of rare plant species requires an understanding of patterns 

of variation between populations (Hufford and Mazer 2003).  These patterns may be 

habitat based, including edaphics, climate, elevation, and community composition, or 

species specific, including population structure, genetics, breeding system, physiology, 

morphology, and phenology.  These patterns of variability affect the interactions of a 

population with its environment. 

 Some habitats provide highly unique conditions for plant life.  One such habitat is 

that of serpentine (ultramafic) substrates, in which tremendous differences in soil 

chemistry nurture extreme reactions in plant affinity, from utter avoidance to obligate 

endemism (Safford et. al 2005).  Intermediate affinities exist, in which a species may 

occur in an apparently indifferent pattern in relation to substrate.  Such species have been 

coined bodenvag, or soil wanderers (Kruckeberg 2002).  Within apparently indifferent 

species, ecotypic variation can exist, in which one population or series of populations 

may be more adapted to a specific set of edaphic conditions than another (Kruckeberg 

1995).  When such edaphic disparity exists in a rare species with isolated populations, 

this variation must be considered as essential to the stability and recovery of the species 

(Harper 1981). 

 Within the above context, this study examined patterns of variation among 

populations of Lomatium cookii Kagan (Apiaceae), an endangered species from 

southwest Oregon (USFWS 2002, ODA 2008).  This easily overlooked species exists in 

two population centers, effectively isolated by geographic boundaries.  In one population 

center, roughly half of the populations exist in ephemeral wet meadows on soils of 

serpentine parentage.  The other population center lies on soils of non- serpentine parent 

material, with populations inhabiting either ephemeral wet meadows or the flanks of 

vernal pools. 

 Chapter One examines the level of variation between the two population centers.  

Soil characteristics are reported that clarify chemical differences.  Flowering structure 
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morphology and overall phenology were observed and analyzed in natural populations.  

Reciprocal transplant studies in greenhouse facilities for two growth cycles examined the 

relationship between seed source, substrate, and survival and vegetative morphology.  

Inferences are made about the observed variation between population centers. 

 Chapter Two assumes a practical approach to the recovery of Lomatium cookii by 

investigating germination and cultivation requirements for the edaphic variants observed 

in Chapter One.  Methods for relief of physiological seed dormancy were investigated.  

Native substrates, potting mixes, and fertilization regimes were considered within the 

context of their affect on plant height, biomass, survival, and flowering.  Suggestions for 

cultural methods are proposed. 

 Overall, it is my goal that this information will be utilized in the conservation and 

recovery of L.  cookii through the elucidation of edaphic variation in these isolated 

populations and by providing a practical protocol for the production of greenhouse 

transplants for population creation and augmentation efforts.  Additionally, the 

importance of seed source and edaphics in restoration initiatives is emphasized and may 

be applied in a broad sense to the conservation of any taxa with varied edaphic habitats.
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Abstract 

The unusual geology of serpentine systems and their resulting soils exert a particularly 

strong influence on plant species distribution and form.  Distinct morphological features 

of many ultramafic plants include xeromorphic foliage, reduced stature, and increased 

root:shoot biomass ratios.  Some plant species are edaphically indifferent, occurring on 

and off serpentine throughout their range.  Lomatium cookii Kagan (Apiaceae) is an 

endemic of ephemeral wetland and vernal pool ecosystems of southwest Oregon.  It is 

listed as endangered by both the U.S. Fish and Wildlife Service and the State of Oregon.  

The two population centers for the species are geographically isolated, with several 

populations on soils of serpentine parentage in one population center.  In order to 

increase our understanding of the variation between populations and apply this 

knowledge in a conservation setting, three investigations were performed: 1) an analysis 

of soil characteristics, 2) a comparison among natural populations of floral and fruit 

morphology and overall phenology, and 3) a reciprocal transplant greenhouse study that 

examined vegetative morphology in response to seed source and substrate.  Results of 

soil analyses were reminiscent of a typical comparison of serpentine and non-serpentine 

soils, confirming chemical differences between substrates.  Populations on and off 

serpentine differed significantly in seven of fifteen floral and fruit morphology variables 

and five of five overall phenology variables.  The reciprocal greenhouse cultivation 

experiment revealed significant differences in vegetative morphology between all 

combinations of seed and soil, suggesting genotypic adaptation to soil type.  Regardless 

of seed source, plants planted on serpentine soils tended to be smaller, have lower 

survival rates, and flower less frequently than plants planted on non- serpentine soils.  

When planted on non-serpentine soils, plants from serpentine seed sources were smaller 

in most vegetative morphology variables than those from non- serpentine seed.  These 

results are considered within the context of ecotypic variation, taxonomy, and 

conservation applications. 

 

Introduction 

 Soil composition is a primary factor dictating the characteristics of a given plant 

species and its distribution on a landscape.  Kruckeberg (2002) lists soil type second only 
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to climate as the dominant factor affecting plant distribution.  It follows that within a 

given climatic region, edaphic factors are primary (Cain 1944, Mason 1946, Kruckeberg 

2002).  Landscape-wide edaphic patterns can be reflected in the vegetation through 

community composition and life form, species preference, endemism, or ecotypic 

differentiation (Kruckeberg 1995).   Ecotypic changes related to the edaphic environment 

may be phenotypically expressed as morphological changes across a distributional 

gradient of a given plant species (Kruckeberg 2002). 

Some soils, whose unique nature is heavily determined by the underlying parent 

material from which they formed, exert a particularly strong influence on resident plant 

life.  Mechanisms for this effect are evolutionary, biological, chemical, and physical in 

nature.  Examples of such unique soils include those derived from parent materials 

composed of gypsum, magnesite, dolomite, limestone, and the ultramafics peridotite and 

serpentinite (Whitaker 1954), all of which harbor unique plant communities.   Ultramafic 

soils and their effect on plant form, life history, and distribution of a southwest Oregon 

endemic are the focus of this paper. 

  

Serpentine soils and plant life 

 Soils formed from ultramafic parent materials are commonly referred to as 

serpentine.  While the term “ultramafic” is technically more correct in a broad sense, the 

term “serpentine” is widely used to refer to all soils of ultramafic origin and their 

associated plant communities, regardless of specific rock type origin of the soil 

(Alexander et al. 2007).  Serpentine soils tend to be low in fertility and have unique 

chemical characteristics (Gordon and Lipman 1926; Kruckeberg 1951, 1954, 1967, 1984, 

1992, 1995, 1999, 2002; Walker 1954; Jenny 1980; Brooks 1987; Lee 1992; Cooke 1994; 

Proctor 1999; Brady et al. 2005; O’Dell et al. 2006).  While these attributes often vary, 

depending on the origin of the parent materials, there is some agreement on the 

quintessential chemical features of serpentine soils. 

Numerous authors have cited low calcium to magnesium ratio; low concentrations 

of macronutrients such as nitrogen, phosphorus, and potassium; and a high concentration 

of heavy metals such as nickel, chromium, and cobalt as major contributors to the low 

fertility of serpentine soils (Kruckeberg 1984, 1992, 1999; Brooks 1987; Malpas 1992; 



    

    

6
Cooke 1994; Proctor 1999; Burt et. al 2001; Brady et. al 2005).  A Ca/Mg ratio of 0.1-0.4 

and occasionally as high as 0.7 is commonly found in soils derived from serpentine 

parent materials.  Soils of non-serpentine parentage tend to have much higher Ca/Mg 

ratios, often greater than five (Cooke 1994).  Low phosphorus and potassium 

concentrations in soils are a direct result of their very low concentrations in ultramafic 

rocks.  Lowered plant, fungal, and bacterial activity in serpentine soils inhibit the 

biological processes that result in sufficient nitrogen for dense vegetative growth (Cooke 

1994).  High concentrations of heavy metals preclude the establishment of many plant 

species that lack compensatory mechanisms to cope with such physiological challenges 

(Fiedler 1985). 

Plants native to serpentine soils tend to have traits considered adaptive to stressful 

edaphic conditions, a condition termed as the “serpentine syndrome” (Jenny 1980).  

Physiological adaptations include the hyperaccumulation of heavy metals, selective ion 

uptake, preferential accumulation of essential elements such as calcium, lower biomass 

production, and slower photosynthetic and growth rates (Boyer 1982, Kruckeberg 1985, 

Alexander et. al 1989, Cooke 1994, O’Dell et. al 2006).  Morphological traits often 

distinguish serpentine-tolerant species from closely related species or from members of 

the same species from non-serpentine sites (Kruckeberg 1967, Brady 2005).  Referred to 

as serpentinomorphoses, such adaptations include 1) xeromorphic foliage, including 

increased glaucousness, pubescence, succulence, and/or anthocyanic pigmentation, 2) 

reduced stature, including dwarfism and prostrate habitat, and 3) increased root:shoot 

biomass ratios (Kruckeberg 1984, 2002; Cooke 1994; Brady 2005). 

Many serpentine systems are classified as “barrens,” nearly devoid of vegetation 

and existing on rocky slopes with soils of high permeability and low water-retention 

capability (Kruckeberg 1999).  Others are markedly less xeric, such as ephemeral wet 

meadows dominated by perennial bunchgrasses.  A focus on hydrologic factors in the 

discussion of serpentine soils identifies further habitat distinctions.  Plants occurring on 

hydric serpentine soils generally do not exhibit the prominent level of xeromorphism 

shown by those found on barrens, but may display other aspects of the 

serpentinomorphoses listed above.  However, many ephemeral wetland systems, while 
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possessing hydric soils during certain months of the year, can display xeric conditions for 

significant periods. 

 Serpentine soils are often associated with high levels of endemism (Brooks 1987).  

In California, 176 of the 1,410 plant species (12.5%) endemic to the state are classified as 

serpentine endemics.  Given that less than one percent of the land area in California is of 

ultramafic parentage, this level of endemism is noteworthy (Macnair and Gardner 1998).  

In the Klamath Mountains region of southwest Oregon and northwest California, there 

are 98 taxa endemic to serpentine substrates, with 54 of those found only in that region 

(Safford et. al 2005). 

Varying degrees of affinity to serpentine substrates exist, from obligates to taxa 

indifferent to the substrate, called bodenvag taxa (Kruckeberg 1985, Safford et. al 2005).  

The genus Lomatium alone has eight species in the Klamath Mountains region that occur 

on ultramafics.  Six of those eight are classified, in order of increasing affinity to 

serpentine, as strong indicators, broad endemics, or strict endemics (Safford et al. 2005). 

Taxa that occur both on and off serpentine can often be separated into ecotypes, 

with those existing on serpentine showing distinct characters not seen in those occurring 

off serpentine (Kruckeberg 1967, 1984, 1992, 1995).  The term “ecotype,” originally 

proposed in 1922, is defined as “the product arising as a result of the genotypical 

response of an ecospecies or species to a particular habitat” (Turesson 1922).  Hufford 

and Mazer (2003) defined ecotype as “distinct genotypes (or populations) within a 

species, resulting from adaptation to local environmental conditions; capable of 

interbreeding with other ecotypes of the same species.”  Though not explicitly stated in 

either definition, a selective advantage of the adaptation may be presumed.  

This variation present among ecotypes may take the form of the many 

serpentinomorphoses listed above.  The basis of this variation, whether genetic or 

edaphic, may become apparent with reciprocal transplant experiments (Kruckeberg 

2002).  In reciprocal substrate treatments of Pinus sabiana in California, Griffin (1965) 

found that seedlings from serpentine and non-serpentine sources grew equally well on 

serpentine.  This suggested that patterns of ecotypic variation were absent and that 

genetic differentiation between edaphic variants had not occurred.  Conversely, all non-

serpentine forms in the Streptanthus glandulosus complex were shown in reciprocal 
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transplant experiments to be serpentine-intolerant, evidence of genetically-based ecotypic 

differentiation likely resulting from the isolation of forms on and off serpentine substrates 

(Kruckeberg 1951).  Intermediately, non-serpentine populations of Achillea millefolium 

have shown some level of preadaptation to serpentine when the population lies near 

serpentine substrates (Kruckeberg 1967).  It is within this context that the case of 

Lomatium cookii, an endangered endemic from southwest Oregon, is considered. 

Lomatium cookii exists in geographically isolated population centers occurring on 

serpentine and non-serpentine soils.  Minor morphological differences have been noted 

anecdotally between population centers, but are considered taxonomically insignificant 

(USFWS 2006).  However, no robust investigation of differences in growth form between 

population centers has been performed.  Considering the disjunction of the population 

centers, dichotomy in edaphic conditions, conservation status, and observation of 

morphological and phenological differences, further examination is merited. 

Conservation efforts should consider the results of investigations of infraspecific 

and inter-populational variation.  The current federal recovery strategy for Lomatium 

cookii addresses the importance of habitat and genetic variation in the protection and 

recovery of the species (USFWS 2006).  Specifically addressed are the edaphic features 

that support genetic diversity.  Loss of any of the remaining genetic diversity of the 

species would be counterproductive to recovery.  Information resulting from this study 

will support conservation efforts by describing infraspecific diversity within L. cookii. 

This study examined three hypotheses regarding the nature of variation between 

the two population centers of Lomatium cookii in relation to edaphic conditions: 1) soil 

chemistry and physical features are different, 2) phenological and morphological 

differences exist, and 3) local adaptation to edaphic conditions results in differential 

performance on reciprocal substrates. 

To examine the above hypotheses, soils were analyzed for chemical composition, 

physical characteristics, and water content.  Phenology and floral and fruit morphology 

were observed in natural populations.  Seed from both population centers was planted on 

the native substrate and the substrate of the reciprocal population and vegetative 

morphology was measured during each of two growth cycles.   
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Study system and species overview 

Lomatium (Apiaceae) includes approximately 90 species, many of which are rare; 

all are restricted to Western North America (Constance 1993).  Lomatium cookii is a 

restricted endemic, with populations in two isolated centers of distribution, separated by 

60 kilometers of varied mountainous terrain (Figure 2.1).  In the Illinois Valley, L. cookii 

inhabits ephemeral wet meadows on soils of either serpentine or non-serpentine parent 

material.  In the Rogue Valley, L. cookii is found in vernal pool and ephemeral wet 

meadow systems on mixed alluvium soils of non-serpentine origin.   

 
Figure 2.1:  Distribution of all known populations of Lomatium cookii.  Study 
populations are the two yellow dots in each of two counties. 
 

Lomatium cookii is a rather inconspicuous, taprooted, herbaceous perennial, 

growing 15-50 cm in height.  Its leaves are thin, oblong, and ternately divided (Kagan 

1986).  The plant produces numerous cream to yellow flowers on compound umbels in 

the early spring (Figure 2.2).  Fruits are oblong with lateral, corky wings.  It is quite 
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similar morphologically to Lomatium bradshawii, an endangered species from wet prairie 

systems in the Willamette Valley, Oregon.  Apart from its distribution, L. cookii can be 

distinguished from L. bradshawii by its branched taproot and lanceolate versus 

fimbriolate involucel bracklets. 

 

 

 
Figure 2.2: Lomatium cookii in full flower on the non-serpentine soils of the Agate 
Desert (Jackson County) (top) and a prostrate growth form initiating floral development 
on serpentine soils at French Flat (Josephine County) (bottom). 
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Lomatium cookii was first collected in 1981 and was officially described in 1986 

(Kagan 1986).  The State of Oregon listed it as endangered in 1995; the U.S. Fish and 

Wildlife Service in 2002 (USFWS 2002, ODA 2008).  The USFWS has assigned the 

species a recovery priority number of 2C, indicating a high degree of threat, including 

that posed by construction and development, yet a high potential for recovery (USFSW  

2002). Current major conservation efforts are focused on the protection and monitoring 

of existing populations and the establishment of new populations on protected land. 

 In the Rogue River Valley near Medford (Jackson County), L. cookii can be found 

in 13 populations covering 63 hectares.  Recent estimates suggest approximately 34,000 

individuals across all populations in the Rogue Valley (U.S. Fish and Wildlife Service 

2006).  Roughly 850 hectares of potential habitat remain in the Rogue Valley, with much 

of this on private land.  In the Illinois River Valley near Cave Junction (Josephine 

County), 24 populations cover 67 hectares.  Estimations of potential remaining habitat 

reach 513 hectares.  The largest population in the Illinois Valley alone is estimated to 

have more than 200,000 individuals (Kaye 2003).  While this may seem quite large for a 

listed endangered species, the high level of geographic isolation and the small number of 

populations leaves the species vulnerable to catastrophic decline.  Historically, this 

species may have existed on up to 12,950 hectares, though given the fact that this species 

was only recently described, the actual historic distribution may deviate from this 

estimation (USFWS 2002). 

 

Methods 

Field sites 

Two study sites were chosen in each of the two population centers.  In the Illinois 

Valley, populations at the French Flat Area of Critical Environmental Concern (on 

Bureau of Land Management property) and along the Oregon Caves Highway at Laurel 

Road (on Oregon Department of Transportation property) were selected for field research 

and seed collection.  The Oregon Caves Highway population was used only for seed and 

soil collection purposes; all other field activities in the Illinois Valley occurred at French 

Flat, the largest known population.  In the Rogue River Valley, The Nature 

Conservancy’s Agate Desert Preserve and the Jackson County Airport were chosen.  The 
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Jackson County Airport population was used only for seed and soil collection purposes; 

all other field activities in the Rogue Valley occurred at the Agate Desert Preserve.  

These populations were chosen for fieldwork because of ease of access, geographic 

location, edaphic conditions, and level of previous knowledge about the sites. 

 Climate and elevation factors show some similarities and differences between 

population centers.  In the Illinois Valley, French Flat sits at 442 m above sea level; 

Caves Highway at 424 m.  July brings the highest monthly mean maximum temperature 

at 32.3° C; December the lowest at 8.1° C.  Mean rainfall from October to May is 152.1 

cm; from June to September, 7.3 cm.  In the Rogue Valley, the Agate Desert Preserve is 

at 387 m above sea level, the Medford Airport at 396 m.  July is also the hottest month 

with a mean maximum temperature of 32.3° C; December has a mean high temperature 

of 7.3° C.  Precipitation from October to May is 40.9 cm; from June to September, 5.8 

cm.  Of the temperature, rainfall, and elevation factors listed, the two population centers 

differ most remarkably in rainfall quantity during the fall, winter, and spring, from 

October to May.  Temperature data are mean values from 1962-2007 for the Illinois 

Valley; 1961-2007 for the Rogue Valley.  Precipitation data are mean values for 1971-

2000 (OCS 2008).    

Study sites in different population centers also differ in edaphic conditions.  In the 

Illinois Valley, the two study populations are in ephemeral wet meadows on Brockman 

clay-loam soil, weathered from serpentinic rocks.  These soils are on alluvial fans with 

slopes of 2-7%, with duripan depth at 60-90 cm, yielding moderate drainage capability 

but slow permeability (NRCS 2008).  Soil formation at these relatively flat sites has been 

influenced by the deposition of material from surrounding ridges though colluvial 

processes.  Ridges at both sites are composed primarily of Pearsoll-Rock outcrop and 

Cornutt-Dubakella complex soils.  These soil series exist on slopes between 20% and 

60% with parent materials of ultramafic origin (NRCS 2008).  L. cookii habitat at French 

Flat also lies adjacent to slopes of Pollard and Speaker-Josephine soils that are formed 

from parent material of non-ultramafic origin.  Of the 24 known populations in the 

Illinois Valley, 11 are on soils of ultramafic parentage.  Two additional populations exist 

on lowlands lacking ultramafic parent materials, but lie adjacent to ultramafic ridges 

(NRCS 2008).  Soil formation processes at these sites are affected by the surrounding 
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parent materials through gravity-driven mechanisms.  The remaining populations in the 

Illinois Valley are on soils of non-ultramafic origin; these sites were not utilized for this 

study. 

The vast majority of L. cookii plants across all populations are found at French 

Flat.  These wet meadows are dominated by the native perennial grasses Danthonia 

californica and Deschampsia caespitosa.  Common non-native grasses include the 

annuals Bromus tectorum and Taeniatherum caput-medusae.  Widespread forbs include 

Calochortus uniflorus, Viola hallii, Hesperochiron californica, Achillea millefolium, and 

Ranunculus occidentalis (Mousseaux 2004).  At least 25 taxa found in the French Flat 

area are considered to have a specific affinity to ultramafic substrates.  This includes 18 

species classified as either strict or broad endemics or strong indicators (Mousseaux 

2004, Safford et al. 2005). 

In the Rogue Valley, both study populations are on Agate-Winlow complex soils.  

These soils have slopes of 0-5% and formed in stratified alluvium derived from igneous, 

metamorphic, and sedimentary rock of non-ultramafic origin.  Mound and swale 

topography is present at the Agate Desert population, with Agate gravelly-clay loam soils 

forming the mounds and Winlo loam soils forming the intermound areas where water 

accumulates in the wet season in vernal pools (Brock 1987).  Winlo soils are very 

shallow, with a depth to duripan of 25-36 cm, a characteristic that leads to the formation 

of vernal pools.  There are no adjacent ridges or rises in topography at either population 

that may have influenced soil building on the mildly sloped areas below through gravity-

driven deposition of eroded materials.  None of the 13 populations of L. cookii in the 

Rogue Valley exist on ultramafic soils (NRCS 2008). 

 Vernal pool systems in the Rogue Valley are dominated on the mounds by the 

introduced grasses Taeniatherum caput-medusae and Poa bulbosa and the native grasses 

Achnatherum lemmonii and Festuca roemeri. Pools often contain Deschampsia 

danthonioides, Navarretia leucocephala, Lasthenia californica, multiple Plagiobothrys 

species, Downingia yina, and Limnanthes floccosa ssp. grandiflora (another endangered 

species).  All of the plant species found in Lomatium cookii habitat in the Agate Desert 

that are known to occur elsewhere on ultramafic substrates are classified as either “weak 

indicators” or “indifferent” to ultramafics (Safford et. al 2005, TNC 2006). 
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Seed collection 

 Seed was collected for greenhouse growth trials on June 6 and June 20, 2006 and 

May 27 and June 11, 2007.  Sources included the Jackson County Airport and the Agate 

Desert Preserve in the Rogue Valley and the French Flat Area of Critical Environmental 

Concern (ACEC) and the Oregon Caves Highway at Laurel Road in the Illinois Valley.  

Maternal lines were kept separate during the collection process.  Plants chosen for 

collection were distributed widely across each site.  Collection activities were 

randomized to avoid bias in maternal plant selection.  Approximately 40 maternal lines 

were collected at all sites except the Agate Desert, where 10 were collected.  No more 

than 10% of the available seed was collected from any single population.  After 

collection, seed was cleaned and stored in envelopes in a room with daytime temperatures 

ranging from 25° C to 30° C to await germination studies. 

 

Soils comparison 

At each of the four seed collection sites, ten soil samples were removed to a depth 

of ten centimeters at randomized locations near study plots with a Soil Sampler Model 

0200 (Soilmoisture Equipment Corporation).  All samples from a single population were 

thoroughly mixed together, air dried at room temperature for one month, and sent to A & 

L Western Agricultural Laboratories in Portland, Oregon for analysis.  Chemical analyses 

included the concentrations of chromium, cobalt, nickel, phosphorus, potassium, 

magnesium, calcium, sodium, nitrogen, sulfur, zinc, manganese, iron, copper, and boron; 

percent organic matter; pH; and cation exchange capacity.  Structural analyses included 

particle size. 

To calculate the bulk density of each soil, ten 100 cm3 samples were removed 

with a soil impact corer.  Samples were removed from the Agate Desert and French Flat 

from both upland and lowland areas.  At French Flat, 15 samples were taken in each of 

the two landscape positions.  At the Agate Desert, due to gravelly soils, the removal of 

known volume cores was challenging.  As a result, a smaller number of soil cores were 

used to calculate mean bulk density (upland, n=3; depressions, n=5).  Samples were dried 
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for 24 hours at 38º C and weighed.  The mass of each sample was divided by the volume 

of the core to yield the bulk density of each sample in g/cm3.  

To analyze soil water content, soil samples were removed at the Agate Desert and 

French Flat sites once every two weeks, from L. cookii emergence in early February 2006 

until fruit dehiscence and dormancy in June.  Samples were taken with a small garden 

trowel from the soil surface to a depth of 10 cm in the vicinity of L. cookii plants.  Five 

samples were removed from both upland areas and depressions at both sites.  Samples 

were weighed, dried for 24 hours at 38º C, and reweighed.  The decrease in mass (H2O 

mass) was divided by the mass of the dry soil to yield the gravimetric water content (g 

H2O /g soil) of each sample.  The gravimetric water content was multiplied by the mean 

bulk density of the soil from each population and landscape position to yield the 

volumetric water content (g H2O/cm3 soil). 

 

Field phenology 

To compare phenology between Rogue Valley and Illinois Valley populations, ten 

2x2 m plots were established in February 2006 at both the Agate Desert Preserve and the 

French Flat ACEC.  At French Flat, five plots were located in upland zones and five in 

lowland areas.   At the Agate Desert, due to sparse colonization in upland areas, seven 

plots were located in lowland areas and three in upland areas.  Plots location was 

restricted to where L. cookii plants were known to occur and was widely spaced to reflect 

the spatial variation in the populations.  Counts were completed every two weeks from 

February until June on the number of total, flowering, seed-setting, senescent, and seed-

dispersing plants.  Plants one year of age or greater were included.  For consistency, 

individual plants were defined as those separated from others by more than 2 cm. 

 

Vegetative morphology in native and reciprocal substrates 

A factorial study looked at the effect of two substrates and two seed sources on 

the survival, growth, and morphology of L. cookii.  Seed source was treated on a 

population center level, with Rogue Valley and Illinois Valley as the comparison groups.  

Soils for greenhouse growth were collected from French Flat in the Illinois Valley 
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(serpentine) and the Jackson County Airport in the Rogue Valley (non-serpentine).  

Collection activities were restricted to the upper 10 cm of the soil profile. 

The two substrates examined were a 6:3:1 mixture of Illinois Valley Soil, coir 

fiber, and perlite (IV); and a 6:3:1 mixture of Rogue Valley Soil, coir fiber, and perlite 

(RV).  Coir fiber and perlite were added to the native substrates in this ratio to increase 

soil aeration and percolation.  Treatment combinations included 1) Rogue Valley seed in 

RV soil, 2) Rogue Valley seed in IV soil, 3) Illinois Valley seed in IV soil, and 4) Illinois 

Valley seed in RV soil.  Fifty-four germinating seeds were planted at a depth of 0.5 cm in 

each treatment combination, with maternal lines from each population center evenly 

distributed between treatment combinations.  Plants were grown in 2 7/8-inch square-

topped, 9-inch-deep pots from Anderson Die and Manufacturing Company. 

Plants were cultivated for two growth cycles under greenhouse conditions.  A 

growth cycle was defined as the period from emergence until complete senescence of 

aboveground parts.  Temperatures in the greenhouse varied from approximately 10° C to 

30° C depending on the season and time of day.  During winter months, supplemental 

lighting was given to the plants for 15 hours a day.  Plants were watered daily for the first 

two months of each growth cycle and then every five days until senescence.  Between 

growth cycles, plants were placed in a dark 4° C Hoffman Manufacturing, Inc custom 

walk-in chamber at Oregon State University for sixty days to simulate over-wintering.  

One hundred twenty days after emergence, response variables were measured.  These 

included percent survival, overall above-ground height, above-ground and below-ground 

dry biomass, petiole length, and the length and width of the leaf blade, lower leaflet, third 

leaflet, and ultimate leaf segment.  All measurements concerning the morphology of a 

single leaf were done on the first true leaf that was produced by the plant.  In the second 

growth cycle, biomass measurements were not completed due to lack of sufficient plant 

material for destructive sampling.  Response variables measured 90 days after emergence 

in the second cycle of growth included aboveground height, percent survival, and percent 

flowering. 

 

Floral morphology 
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At both the Agate Desert and French Flat study sites, one flowering plant was randomly 

chosen in the vicinity of each of ten phenology plots for the measurement of floral 

morphology variables.  Variables included 1) the number of staminate and perfect 

umbels, umbellets per umbel, and staminate and perfect flowers per umbellet, 2) the 

length of the peduncle and pedicels, and 3) mericarp length and width.  Umbellets were 

classified as either central or peripheral based on location relative to the peduncle and 

pedicel length.  To be certain that all structures had grown to their ultimate size, length 

and width measurements were completed when the first signs of senescence were visible 

in inflorescence structures. 

 

Data Analysis 

Soils 

 Soil volumetric water content readings taken every two weeks from February 4 

through April 15, 2007 at both French Flat and Agate Desert upland and lowland plots 

were averaged to yield the mean value.  This date range was chosen because it reflected 

the active growing season of L. cookii and because soil moisture values in the weeks 

decreased sharply.  Values were subjected to a two-way analysis of variance in S-Plus 8.0 

using site and landscape position as predictors. 

 Chemical and physical properties were analyzed on bulked soil samples 

consisting of ten individual samples for each of four populations.  As a result of the post-

collection combining of samples, no standard error values could be calculated.  Values of 

each trait were averaged between populations in the same valley across upland and 

lowland sampling locations and a ratio was calculated to compare values between 

population centers.  Values were expressed as an Illinois Valley:Rogue Valley ratio.  

Values above one indicated higher levels of that character in the Illinois Valley.  Values 

below one indicated higher levels of that character in the Rogue Valley. 

 

Floral and fruit morphology and phenology of natural populations 

 Non-metric multidimensional scaling ordination (NMS) was used to examine the 

morphological and phenological relationship between populations of Lomatium cookii at 

French Flat and Agate Desert and identify variables that might be important for 
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separating the populations.  I used 20 variables, including 15 floral and fruit 

morphological and five phenotypic measures (see Table 2.3).  NMS is a multivariate 

ordination technique (McCune and Grace 2002) that is non-parametric and allowed 

visualization of the two populations using two-dimensional scatterplots in PC-ORD 4.35 

(McCune and Mefford 1999).  The resulting scatterplots are displayed on synthetic axes 

not directly representative of any of the characters measured.  Landscape position (upland 

or lowland) and volumetric soil water content in the vicinity of the examined individuals 

were compared with overall phenology and morphology as environmental variables.  All 

variables were relativized by expressing them as the number of standard deviates away 

from the mean of that individual variable.  A Euclidian distance measure was used with 

50 runs with real data, an instability criterion of 0.00001, and a maximum of 250 

iterations. 

A multi-response permutation procedure (MRPP; Mielke and Berry 2001) was 

used to 1) test for differences in morphology and phenology between populations and 2) 

to determine which individual variables differed between populations.  Variables were 

adjusted in the same manner as for the NMS ordination, and a Euclidian distance measure 

was also used.  MRPP tests yield an A-value, or a measure of the within-population 

homogeneity compared to what would be expected from a random reassortment of 

response variables across plants.  The A-value is also referred to as the chance-corrected 

within-group agreement and is a measure of the effect size independent of sample size.  If 

all individuals within a population are identical and different from the other population, 

then A=1.  If the observed differences within populations equals that which is expected 

by chance, then A=0.  Values for A can be below 0.1 and still show significant 

differences between groups.  A value above 0.3 is fairly high (McCune and Grace 2002).  

MRPP was implemented in PC-ORD 4.35 (McCune and Mefford 1999). 

 

Vegetative morphology, survival, and flowering in native and reciprocal substrates 

PC-ORD 4.35 (McCune and Mefford 1999) was also used to analyze multivariate 

vegetative morphology data from greenhouse-grown plants with NMS ordination.  

Fourteen variables were contrasted across all combinations of Rogue Valley and Illinois 

Valley seed and soil treatments on a total of 153 plants.  A Sørenson (Bray-Curtis) 
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distance measure was used with 50 runs with real data, an instability criterion of 0.00001, 

and a maximum of 250 iterations.  A total of 17 response variables, including above 

ground biomass, taproot biomass, root:shoot ratio, and the 14 others were also analyzed 

in the same manner on a subsample of 38 plants (see Table 2.4).  Next, for each of these 

two data sets (153 plants and 38 plants), values of each trait for each individual were 

divided by the overall height of the plant in order to emphasize relative differences in 

trait size.  These data sets were reanalyzed using NMS ordination. 

For both the 153 and 38 plant data sets, both size-relativized and not, MRPP 

(Mielke and Berry 2001) was used with a Sørenson (Bray-Curtis) distance measure to 1) 

test for differences in overall vegetative morphology across treatment combinations, 2) 

determine which individual variables differed across all treatment combinations, and 3) 

determine which variables differed between paired comparisons of all possible 

combinations of seed and soil.  In comparing individual variables across paired 

combinations of treatments, a Bonferroni multiple comparisons procedure was used to 

adjust the individual trait alpha-value.  Since 17 individual traits were used, the 

individual trait alpha-value was adjusted to 0.05/17=0.003, maintaining the family-wise 

alpha-value at 0.05.  Only individual traits with p<0.003 were considered significant. 

Overall plant height in the second growth cycle was analyzed using two-way 

analysis of variance with seed source and soil type as predictors.   Pair-wise comparisons 

were performed with a two-sample t-test. 

To test the hypothesis of no difference between observed and expected survival 

with different seed and soil combinations, Chi-square analysis was used.  The number of 

surviving plants after the second growth cycle was also compared across treatments using 

the stepwise backwards elimination method of logistic regression in SPSS 15.0.  For each 

analysis, Cox and Snell’s R2
CS value was calculated.  This value is indicative of the 

partial correlation between the outcome variable and each predictor variable.  Values 

range from -1 to 1, with a positive value indicating that the likelihood of an event 

occurring increases with each increase in the predictor variable.  A value close to zero 

indicates a smaller contribution to the model (Field 2005). 

Using Fisher’s Exact Test, the hypothesis of no difference between the numbers 

of observed and expected plants that flowered in relation to seed source and soil type 
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during the second season of greenhouse growth was analyzed.  With low values in a 

contingency table such as those in this data set, Fisher’s Exact Test is more accurate than 

Chi-square analysis. 

 

RESULTS 

Soils 

  Population was not a significant predictor of mean soil volumetric water content 

(Table 2.1, two-way ANOVA, p=0.8573).  Mean soil volumetric water content differed 

between landscape positions (p=0.0091), with lowland areas showing higher values 

(Table 2.2).  The interaction between population and landscape position did not 

significantly affect soil moisture (p=0.3586). 

 

Table 2.1.  Analysis of variance in mean volumetric water content of the soil during the 
active growth phase of Lomatium cookii.   
 df Sum of 

squares 
Mean 
square F-value p-value 

Population 1 0.0012 0.0012 0.0335 0.8573 
Landscape position 1 0.3169 0.3169 9.1541 0.0091 
Pop*landscape position 1 0.0312 0.0312 0.9009 0.3586 
Residuals 14 0.4846 0.0346   
 

Soils between population centers differed in a variety of chemical and physical 

characteristics (Table 2.2).  In particular, soil samples from the two ultramafic 

populations in the Illinois Valley had higher concentrations of magnesium, nickel, 

chromium, cobalt, zinc, and copper and higher percent magnesium saturation.  Soils from 

the two non-ultramafic populations in the Rogue Valley had higher concentrations of 

calcium, nitrogen, phosphorus, potassium, manganese, iron, and boron and higher 

calcium:magnesium ratios and percent calcium saturation.  Soils from the two population 

centers did not differ notably in pH, cation exchange capacity, or percent sand, silt, or 

clay. 

 

Floral and fruit morphology and phenology of natural populations 

 NMS ordination of the morphological and phenological characters of plants at the 

Agate Desert and French Flat populations of Lomatium cookii found two axes that 



 
Table 2.2:  Soil characteristics of samples taken at four populations of Lomatium cookii.   Each sample listed above consisted of 10 bulked 
individual samples.  Concentrations of elements are given in mg/kg (ppm).  A ratio of mean values was calculated by dividing the mean value 
of the Illinois Valley populations by the mean value of the Rogue Valley populations.  FF = French Flat, CH = Caves Highway, AD = Agate 
Desert Preserve, MA = Jackson County Airport, IV = Illinois Valley, RV = Rogue Valley. 
  

H20 content 
(cm3 H2O/g 
soil) ± SE 

Pop. 
Center  

Up Low 

pH 
CEC 
meq/ 
100g 

% 
Sand 

% 
Silt 

% 
Clay Ca Mg Ca/ 

Mg 

% 
Ca 
Sat. 

% 
Mg 
Sat. 

Cr Ni Co NO3-
N P K Zn Mn Fe Cu B 

FF 
0.41 

± 
0.02 

0.62 
± 

0.05 
6.3 14.3 48 26 25 752 1063 0.71 26.2 61.1 864 908 129 2 1 47 1.0 34 17 1.2 0.1 

IV 

CH __ __ 6.5 14.4 56 26 17 959 1003 0.96 33.3 57.3 209 514 68 2 2 54 11.7 34 18 1.7 0.2 

AD 
0.24 

± 
0.02 

0.63 
± 

0.10 
6.2 22.9 52 26 21 2936 588 4.99 64.0 21.1 47 19 15 3 15 182 4.9 41 22 0.9 0.3 

RV 

MA __ __ 6.0 9.5 58 24 17 1254 183 6.85 65.7 15.8 33 18 14 4 7 83 2.3 69 23 0.9 0.3 

Ratio IV/ 
RV __ __ 1.05 0.89 0.95 1.04 1.11 0.41 2.68 0.14 0.46 3.21 13.3 38.2 6.8 0.57 0.14 0.38 1.76 0.62 0.78 1.61 0.50 
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appeared to separate the populations (Figure 2.3).  The final 2-dimensional solution was 

achieved with a stress-value of 12.8 after 36 NMS iterations.  Axis 1 explained 63.5% of 

the overall variation between populations and Axis 2 explained 21.9% of the variation.  

Between the two axes, 85.3% of the variation in morphological and phenological 

characters was explained.  The strong separation between the two populations along the 

horizontal axis indicates that when considered jointly, the 20 phenology and morphology 

characters serve to effectively separate the plants into two groups based on population.  

MRPP analysis on the same phenology and morphology characters confirmed that the 

populations were more different than expected by chance (p<0.00001, A=0.143). 

 

Axis 1

A
xi

s 
2 Population

Agate Desert (RV)
French Flat (IV)

 
 
Figure 2.3:  NMS ordination of 20 phenology and morphology characters across two 
natural populations of Lomatium cookii.  Plotted points represent individual plants. 
 
 

Correlations (r) of individual variables with all of the combined variables in two-

dimensional ordination space had varying strength (Table 2.3).  MRPP analyses clarified 



 
Table 2.3:  Five phenology and fifteen floral and fruit morphology variables measured at two populations of Lomatium cookii.  All 
length and width measurements are in millimeters (mm).  For each trait, R2 correlation values with each of the two axes in NMS 
ordination space, MRPP p- and A-values, and means and standard errors for each of two populations are included.  Traits are ordered 
from the lowest to the highest p-value from MRPP, reflecting the order of strength of difference in traits between the two populations.  
Traits found above the bold line are those demonstrating a significant difference between populations (p<0.05). 

 NMS r MRPP Agate Desert French Flat 
Trait Axis 1 Axis 2 p-value A-value Mean SE Mean SE 
Days to peak fruit dehiscence -0.841 0.359 <0.00001 1.000 146.0 0.0 161.0 0.0 
Days to peak senescence -0.906 0.290 0.00001 0.785 136.9 2.0 161.0 0.0 
Fruit length 0.756 -0.313 0.00004 0.430 9.00 0.24 7.11 0.17 
Fruit length:width ratio 0.748 -0.417 0.00006 0.419 2.06 0.05 1.66 0.04 
Number of central umbellets per umbel 0.822 0.014 0.0006 0.308 10.10 1.16 4.20 0.85 
Days to peak fruiting -0.757 0.338 0.0007 0.286 106.2 2.4 125.1 4.1 
Number of staminate flowers per central umbellet 0.857 0.105 0.002 0.244 19.95 2.83 9.13 1.15 
Number of umbels 0.085 -0.640 0.005 0.103 4.70 1.45 1.80 0.25 
Days to peak flowering -0.784 0.185 0.011 0.157 91.4 4.0 107.4 4.1 
Days to peak emergence -0.637 -0.121 0.017 0.151 99.9 3.5 112.0 3.1 
Length of peduncle -0.504 0.571 0.036 0.085 163.56 14.36 220.05 18.58 
Number of staminate flowers per peripheral umbellet 0.716 0.020 0.046 0.086 15.70 2.93 8.50 1.39 
Number of mature fruits on central umbellet -0.517 0.470 0.146 0.062 0.00 0.00 0.10 0.07 
Number of perfect flowers on central umbellet -0.374 -0.165 0.180 0.038 0.40 0.40 0.80 0.35 
Number of perfect flowers per peripheral umbellet 0.030 0.409 0.330 0.003 8.75 1.23 7.55 0.74 
Length of central pedicel 0.355 0.594 0.418 -0.005 7.68 1.13 7.06 0.67 
Number of peripheral umbellets per umbel -0.378 0.383 0.539 0.016 3.60 0.62 4.90 1.03 
Number of mature fruits on peripheral umbellet -0.084 0.620 0.722 -0.028 5.40 1.34 5.00 0.77 
Length of peripheral pedicel -0.227 0.741 0.782 -0.026 28.94 3.11 33.75 3.84 
Fruit width 0.125 0.136 0.991 -0.035 4.38 0.11 4.30 0.07 
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 the strength of these relationships and indicated that 12 of the 20 measured characters 

showed significant differences between populations (p < 0.05, Table 2.3).  All five of the 

phenological characters measured were significantly different between populations and in 

all cases phenology was advanced in Rogue Valley populations.  Of the 15 floral and fruit 

morphology characters measured, seven showed differences between populations (Table 

2.3).   

Correlations of two environmental variables with overall phenology and floral and 

fruit morphology variables in ordination space indicated low levels of association.  

Volumetric water content of the soil was correlated with axis 1 (R2=0.240) and axis 2 

(R2=0.009).  Location on the landscape, either upland or lowland, when compared in 

ordination space to overall morphology and phenology, yielded no discernable pattern. 

 

Vegetative morphology, survival, and flowering in native and reciprocal soils 

 NMS ordination of fourteen vegetative morphology characters yielded different 

patterns of separation depending on the combination of seed and soil (Figure 2.4).  Traits 

from Rogue Valley seed planted on Rogue Valley soil clustered distinctly from Illinois 

Valley seed on Illinois Valley soil.  Rogue Valley seed in Illinois Valley soil clustered in 

between the two native seed on native soil treatments, overlapping the edges of the two 

native treatment clusters.  Traits of Illinois Valley plants on Rogue Valley soil showed 

larger intra-group distances than all other treatment groups in the ordination scatterplot 

and overlapped the clusters of the other three seed/soil combinations.  The final two-

dimensional solution was achieved with a stress-value of 8.1 after 115 NMS iterations.  

Axis 1 explains 77.2% of the overall variation between populations; Axis 2 explains 

20.9%.  Between the two axes, 98.1% of the variation in vegetative morphological 

characters can be explained.  MRPP analysis on all vegetative morphology characters 

across all possible treatment combinations rejected the hypothesis of no difference 

(p<0.00001, A=0.190). 
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Figure 2.4:  NMS ordination of 14 vegetative morphology characters across four 
combinations of seed source and substrate measured under greenhouse conditions. 
Plotted points represent individual plants.  
 
 

Based on the 14-trait data set, r-values of individual vegetative morphology traits 

with all of the combined responses in two-dimensional ordination space indicated 

different levels of correlation (Table 2.4).  Overall above-ground height, leaf blade length 

and width, and lower and third leaflet lengths all showed strong correlation (r2>0.3) with 

both axes.  MRPP analyses of the test of no difference clarified the strength of these 

relationships and indicated that thirteen of the fourteen measured characters are 

significantly different across all treatment combinations (p < 0.05, Table 2.4).  Petiole 

length was the only character without differences across treatments.  NMS ordination of 

17 vegetative morphology characters (the original 14 plus three biomass variables) 

yielded a similar pattern of separation as did the ordination without biomass variables 



 
Table 2.4: Comparisons of vegetative morphology and biomass variables in Lomatium cookii planted in four treatment combinations 
of seed source and soil type.  Biomass units are in grams; length, width, and height are in millimeters. Traits are ordered from the 
lowest to the highest p-value for the 17-trait data set (includes biomass variables), reflecting the order of strength of difference in traits 
between the two population centers. Traits found above the bold line are those demonstrating a significant difference from MRPP 
analysis between treatments in both data sets (p<0.05).  Traits above the dashed line have a significant difference between all 
treatments in the 14-trait data set.  Treatment codes list seed source first, soil second. RV = Rogue Valley, IV = Illinois Valley.  

 NMS r (14) NMS r (17) MRPP (14) MRPP (17) RV.RV RV.IV IV.RV IV.IV 

Trait Axis 1 Axis 2 Axis 1 Axis 2 A p-value A p-value Mean SE Mean SE Mean SE Mean SE 

Taproot biomass  --- --- -0.575 -0.213 --- --- 0.439 <0.0001 0.316 0.056 0.089 0.007 0.286 0.039 0.068 0.005 

Total leaf number -0.317 0.302 -0.193 -0.222 0.320 <0.0001 0.401 <0.0001 1.9 0.2 1.0 0.0 2.7 0.2 1.0 0.0 

Above-ground 
biomass --- --- -0.564 0.020 --- --- 0.370 <0.0001 0.042 0.009 0.016 0.002 0.052 0.010 0.008 0.001 

Lower leaflet length -0.647 0.911 -0.846 -0.407 0.277 <0.0001 0.318 <0.0001 18.76 0.76 12.39 0.50 15.80 0.82 9.13 0.37 

Leaf blade width -0.677 0.907 -0.836 -0.403 0.280 <0.0001 0.316 <0.0001 38.4 1.6 25.3 0.9 31.9 1.8 18.5 0.7 

Ultimate leaf seg. 
width -0.323 0.598 -0.547 -0.406 0.193 <0.0001 0.255 <0.0001 1.42 0.06 0.87 0.03 1.06 0.06 0.83 0.03 

3rd leaflet length -0.586 0.826 -0.654 -0.332 0.260 <0.0001 0.206 <0.0001 11.82 0.49 7.85 0.30 8.15 0.52 5.36 0.27 

Leaf blade length  -0.915 0.903 -0.969 -0.099 0.230 <0.0001 0.239 0.0002 119.3 4.0 90.1 2.0 99.8 3.5 76.3 2.1 

Total height -0.946 0.797 -0.952 0.030 0.170 <0.0001 0.212 0.0004 127.3 4.1 103.5 2.3 115.6 4.5 89.7 2.3 

3rd leaflet width  -0.364 0.577 -0.433 -0.264 0.174 <0.0001 0.162 0.0016 0.88 0.03 0.58 0.02 0.77 0.04 0.57 0.02 

Root:shoot ratio --- --- 0.192 -0.243 --- --- 0.149 0.0029 8.12 0.48 6.25 0.62 6.06 0.58 9.44 0.73 

Lower leaflet width -0.357 0.508 -0.633 -0.184 0.127 <0.0001 0.150 0.0035 0.92 0.04 0.62 0.03 0.86 0.04 0.65 0.03 

Leaflet number -0.258 0.217 -0.269 0.005 0.072 <0.0001 0.071 0.0642 10.5 0.3 10.5 0.3 9.3 0.2 9.0 0.3 

Overall pinnateness --- --- --- --- 0.200 <0.0001 0.084 0.1030 1.3 0.1 1.0 0.0 1.4 0.1 1.0 0.0 

Leaf length: width 
ratio 0.213 -0.563 0.154 0.600 0.114 <0.0001 0.022 0.2310 3.2 0.1 3.7 0.1 3.5 0.3 4.3 0.1 

Ultimate leaf seg. 
length -0.23 0.492 -0.255 -0.511 0.043 0.0010 0.021 0.2520 8.32 0.63 6.51 0.46 7.38 0.79 5.26 0.44 

1.2 Petiole length -0.799 0.419 -0.728 0.463 0.005 0.2423 -0.009 0.5063 50.0 2.3 48.7 1.3 49.2 2.1 47.2 
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(Figure 2.5).  This ordination was done on a subset of 38 of the original 153 plants.  The 

final two-dimensional pattern was achieved with a stress-value of 5.44 after 89 iterations.  

Axis one explains 95.1% of the variation; axis 2 explains 3.5%.  Overall, 98.6% of the 

variation between populations across combined vegetative morphology ordination space 

is explained.  MRPP analyses on the same 17 individual characters showed that the 

treatment combinations were more different than expected by chance (Table 2.4, 

p=0.00004, A=0.204). 

 

Figure 2.5:  NMS ordination of 17 vegetative morphology characters, including three 
biomass measurements, across four combinations of two seed sources and two substrates.   

 

For the 17-trait data subset, seven traits showed strong correlations (r2>0.3) with 

axis 1: leaf blade, lower leaflet, and petiole length; leaf blade, lower leaflet, and ultimate 

leaf segment width; and overall height.  MRPP analysis of the same data concluded that 

12 of 17 characters are more different across comparison groups than expected by chance 

(p<0.05). 

An NMS ordination of size-relativized data for both the 14 and 17 character data 

sets is not included because it yielded a similar pattern to the data that were not size 

relativized.  MRPP analysis on all size-relativized vegetative morphology characters 

across all possible treatment combinations rejected the hypothesis of no difference 

(p<0.00001, A=0.131).  For the data set of seventeen characters, including the three 

biomass measurements, the same was true (p=0.00007, A=0.104). 

In comparisons of individual traits between one combination of seed and soil and 

another, MRPP analysis yielded many differences (Table 2.5).  Sixteen of seventeen 
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Table 2.5:  P-Values (top number in cell) and A statistics (bottom number in cell) for 
results of MRPP analysis of comparisons of all possible seed and substrate combination 
interactions with 17 leaf morphology and biomass characters.  Three biomass 
measurements were determined on a subsample (n=38) of the total used for all other 
calculations (n=153).  Each four-letter code listed in the top row has seed source listed 
first and substrate listed second (RV = Rogue Valley, IV = Illinois Valley).  A 
Bonferroni-adjusted p-value of 0.003 was used to determine significance. 
 

Traits RV.RV vs. 
RV.IV 

RV.RV 
vs IV.IV 

RV.RV vs 
IV.RV 

RV.IV vs 
IV.IV 

RV.IV vs 
IV.RV 

IV.IV vs 
IV.RV 

<0.0001 
0.220 

<0.0001 
0.243 

0.0292 
0.037 

0.6817 
-0.009 

<0.0001 
0.353 

<0.0001 Total leaf number 0.370 

<0.0001 
0.225 

<0.0001 
0.353 

0.0015 
0.070 

<0.0001 
0.101 

0.0068 
0.044 

<0.0001 Leaf blade length 0.156 

<0.0001 
0.266 

<0.0001 
0.412 

0.0041 
0.052 

<0.0001 
0.160 

0.0002 
0.073 

<0.0001 Leaf blade width 0.220 

0.0037 
0.050 

<0.0001 
0.203 

0.3830 
-0.001 

0.0010 
0.064 

0.0397 
0.0223 

<0.0001 Leaf blade length:width ratio 0.133 

0.2014 
0.006 

0.0418 
0.023 

0.7674 
-0.008 

0.6987 
-0.006 

0.4373 
-0.002 

0.1496 Petiole length 0.008 

<0.0001 
0.241 

<0.0001 
0.416 

0.0028 
0.057 

<0.0001 
0.145 

0.0006 
0.059 

<0.0001 Lower leaflet length 0.240 

<0.0001 
0.174 

<0.0001 
0.166 

0.1410 
0.010 

0.5756 
-0.004 

<0.0001 
0.094 

0.0003 Lower leaflet width 0.078 

<0.0001 
0.250 

<0.0001 
0.418 

<0.0001 
0.124 

<0.0001 
0.186 

0.0089 
0.035 

<0.0001 Third leaflet length 0.115 

<0.0001 
0.223 

<0.0001 
0.276 

0.0591 
0.020 

0.7128 
-0.007 

<0.0001 
0.090 

<0.0001 Third leaflet width 0.125 

0.0227 
0.031 

0.0003 
0.084 

0.1099 
0.012 

0.0297 
0.026 

0.0946 
0.012 

0.0664 Ultimate leaf segment length 0.017 

<0.0001 
0.284 

<0.0001 
0.328 

<0.0001 
0.129 

1.000 
-0.009 

0.0246 
0.0263 

0.0030 Ultimate leaf segment width 0.047 

<0.0001 
0.142 

<0.0001 
0.280 

0.0071 
0.049 

<0.0001 
0.090 

0.0955 
0.013 

<0.0001 Above ground height  0.119 

0.8200 
-0.009 

0.0006 
0.074 

0.0032 
0.056 

0.0002 
0.090 

0.0006 
0.076 

0.4717 Total number of leaflets -0.003 

0.0002 
0.151 

0.0003 
0.148 

0.2816 
0.000 

--- 
0.000 

<0.0001 
0.232 

<0.0001 Overall pinnateness 0.228 

0.0016 
0.187 

<0.0001 
0.404 

0.5851 
-0.018 

0.0013 
0.248 

<0.0001 
0.319 

<0.0001 Above-ground biomass 0.503 

<0.0001 
0.385 

<0.0001 
0.465 

0.964 
-0.041 

0.0563 
0.083 

<0.0001 
0.426 

0.0001 Taproot biomass 0.516 

0.0395 
0.078 

0.1141 
0.060 

0.0138 
0.156 

0.0084 
0.153 

0.6967 
-0.027 

0.0056 Root:shoot ratio 0.2365 

p<0.003 13 15 4 8 9 13 
Number of traits with 

p<0.003, 
A>0.2 8 11 0 1 4 7 

0.0004 
0.239 

0.0004 
0.315 

0.0204 
0.096 

0.0718 
0.047 

0.2050 
0.015 

0.0186 Overall (17 traits including biomass) 0.098 

<0.0001 
0.172 

<0.0001 
0.303 

0.0011 
0.047 

<0.0001 
0.091 

0.0009 
0.041 

<0.0001 Overall ( 14 traits, no biomass) 0.140 
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characters were different in a comparison of native seed on native soil between the Rogue 

Valley and Illinois Valley populations (p<0.05).  Eleven of those seventeen characters 

had A>0.2, indicating a moderate level of within-group similarity when compared to that 

expected by chance.  Comparison groups listed in order of decreasing number of traits 

that showed significant intergroup differences are (seed source.soil): RV.RV versus 

IV.IV, RV.RV versus RV.IV, IV.IV versus IV.RV, RV.IV versus IV.RV, RV.IV versus 

IV.IV, and RV.RV versus IV.RV.  A plant from each of these seed source and soil 

combinations is shown in Figure 2.6. 

 

 

Figure 2.6: Representative plants after one growth cycle from each four combinations of 
seed source and substrate.  Labels below each plant indicate, in order, seed source, 
substrate, and absence of supplemental fertilizer.  Calipers are 37cm from end to end.  
RV=Rogue Valley, IV=Illinois Valley, ↓=no supplemental fertilizer. 
 

In the second growth cycle, total plant height differed between treatments, with 

seed source (2-way ANOVA, p=0.0003) and soil (p<0.0001) as significant predictors 

(Table 2.6).  Mean height was highest in plants grown in Rogue Valley soils, with Illinois 

Valley plants taller than Rogue Valley plants (Figure 2.7, 2-sample t-test, p=0.049).  On 

Illinois Valley soil, plants from native seed grew taller than plants from Rogue Valley 
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seed (2-sample t-test, p=0.0005).  Illinois Valley plants grew taller on Rogue Valley soil 

than on Illinois Valley soil (p<0.0001).  Rogue Valley plants grew taller on Rogue Valley 

soil than on Illinois Valley soil (p<0.0001).  When both seed sources were on their native 

soils, Rogue Valley plants grew taller than Illinois Valley plants (p<0.0001). 

 

Table 2.6:  Analysis of variance of height of Lomatium cookii from two seed sources 
planted in two substrates. 
 Df Sum of Sq Mean Sq F value p-value 
Seed.source 1 17701.8 17701.8 13.53 0.0003 
Substrate 1 158751.4 158751.4 121.33 0.0000 
Seed.source:Substrate 1 0 0 0 0.9971 
Residuals 135 176642.9 1308.5   
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Figure 2.7: Mean height of Lomatium cookii after two seasons of growth in four 
combinations of seed source and soil type.  Error bars represent standard errors; different 
letters above each bar represent a significant difference between treatments (two-sample 
t-test, p<0.05).   RV=Rogue Valley, IV=Illinois Valley. 
 

The number of plants surviving in each treatment after the first season of growth 

did not differ from the expected (χ2=0.005, df=1, p=0.9438).  Three of the four treatments 

showed the same percent survival (92.6%); the fourth treatment, RV.RV, had only one 

less surviving plant out of 54 total (Figure 2.8).  The number of plants surviving in each 

treatment after the second growth season did not differ from the expected either 
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(χ2=0.2355, df=1, p=0.6274).  For two-growth cycle plants, logistic regression analyses 

(Table 2.7) indicated that seed source was a significant predictor of survival, soil was a 

suggestive predictor of survival, and the interaction between seed and soil was not related 

to survival  
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Figure 2.8:  Percent survival of Lomatium cookii after one and two seasons of growth in 
four combinations of seed source and soil type.  Light bars represent growth cycle one; 
dark bars cycle two.  RV=Rogue Valley, IV=Illinois Valley. 
 

Table 2.7:  Logistic regression analysis of Lomatium cookii survival after two growth cycles. 
Parameter Coeff. (B) S.E. p Wald eB 95% CI eB

Constant -0.059 0.240 0.808 24.851 0.943  
Seed Source 0.734 0.290 0.011 8.900 2.084 1.18 to 3.68 
Soil 0.494 0.289 0.087 4.683 1.639 0.93 to 2.89 
 

(R2
CS = 0.043).  Independent of soil type, Rogue Valley plants have a two-growth cycle 

survival odds ratio of 2.08 times that of Illinois Valley plants (p=0.011, 95% CI: 1.18 to 

3.68).  Results were suggestive that plants on Rogue Valley soil, independent of seed 

source, have a survival odds ratio of 1.64 times that of plants on Illinois Valley soil 

(p=0.087, 95% CI: 0.93 to 2.89).  When both are on their native soils, Rogue Valley 

plants have a survival odds ratio of 3.72 times that of Illinois Valley plants. 
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 The number of plants that flowered during the second season of growth did not 

differ from expected (Fisher’s Exact Test, p=1).  None of the 108 plants in Illinois Valley 

soil flowered; 11.1% of the plants from both seed sources on Rogue Valley soil produced 

flowers.  In Rogue Valley soil, Illinois Valley plants produced more flowers (18.5%) than 

did Rogue Valley plants (3.7%).  No plants produced flowers during the first growth 

season. 

 

DISCUSSION 

Soils 

 The variation in soil characteristics in four populations of Lomatium cookii 

generally followed the expected patterns of a comparison of ultramafic and non-

ultramafic soils.  Illinois Valley soils showed many classic signs of ultramafic lithology: 

high magnesium concentration and percent saturation; high concentrations of the heavy 

metals nickel, chromium, and cobalt; and low concentrations of the macronutrients 

nitrate-nitrogen, phosphorus, and potassium (Brady et al. 2005).   Of particular note is the 

calcium:magnesium ratio found in the soils of the Illinois Valley, i.e. 0.71 at the French 

Flat site and 0.96 at the Caves Highway population.  These values, while indicative of a 

higher concentration of magnesium than calcium, are not comparable to the extreme 

calcium:magnesium imbalance found in some ultramafic soils (Proctor and Woodell 

1975).  Kruckeberg (1999) lists Ca:Mg ratios for several serpentine soils in western North 

America, all of which have values less than 0.5.  It is likely that calcium is not as limiting 

in the soils of serpentine sites with populations of Lomatium cookii as it may be in other 

serpentine systems.  This difference may have arisen as a result of the more extensive soil 

formation present on the alluvial serpentine meadows of the Illinois Valley than that of 

many other serpentine systems.  Additionally, soil formation in the serpentine study sites 

is influenced by the surrounding ridges, where different parent materials are present, 

including some of non-ultramafic origin.  Also noteworthy are the very limited 

concentrations of nitrate-nitrogen and phosphorus in the soils of the Illinois Valley, a 

result consistent with other serpentine soil analyses (Burt et al. 2001).  The influence of 

macronutrient concentration on the growth response of L. cookii on this substrate will be 

discussed later in greater detail. 
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Rogue Valley soils were higher in calcium concentration and percent saturation, 

macronutrient concentration (N, P, K), and some micronutrients relative to those from the 

Illinois Valley.  Concentrations of nitrate-nitrogen were not much greater than those 

found in the Illinois Valley soils, indicating that, while more fertile than Illinois Valley 

soils, Rogue Valley soils may also be limited in the availability of some nutrients.  Low 

cation exchange capacities in all soil samples support this assertion. 

Differences in patterns of surface water accumulation between the vernal pool and 

ephemeral wet meadow systems were observed, indicating that soil moisture levels were 

likely different.  No quantitative differences in soil moisture between population centers 

during the active L. cookii growing season were detected.  This lack of difference in soil 

moisture may be attributed to the observation that both soils were at saturation through 

much of the spring, with water frequently pooled on the surface.  Bulk densities of the 

two soils were similar, indicating that volumetric water content will be similar at 

saturation.  Differences in soil moisture were noted between upland and lowland areas.  

These differences between topographic zones but similarities between population centers 

are perhaps suggestive of a suitable range of soil moisture content for L. cookii 

colonization. 

 

Floral and fruit morphology and phenology of natural populations 

 A number of differences between French Flat and Agate Desert populations were 

elucidated in both floral and fruit morphology and overall phenology.  When all variables 

were considered jointly, they served to effectively separate the examined individuals 

based on population.  The study was performed in the wild on natural populations that 

were not randomly chosen; inferences beyond these populations are therefore not 

merited. 

 Floral and fruit morphology differences between populations were found in 

mericarp length, the number of umbels, length of peduncle, number of central umbellets 

per umbel, and number of staminate flowers per peripheral and central umbellets.  For all 

of these characters except peduncle length, Agate Desert plants were more robust, 

exhibiting larger dimension and greater numbers of floral units.   
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Some of this phenotypic variation in floral structure may be caused by heritable 

differences, similar to those shown for Epilobium angustifolium (Onagraceae) (Carroll et 

al. 2001).  Other studies have suggested that phenotypic plasticity in response to 

environmental variables may be responsible for the remaining variation in trait 

appearance (Holtsford and Ellstrand 1992, Vogler et al. 1999).  An evaluation of 

Chamaecrista fasciculata (Fabaceae) found that nutrient additions and soil moisture 

factors significantly affected corolla diameter, and that environmental variation explained 

a large portion of the natural variability in several other floral characters (Frazee and 

Marquis 1994).  Nutrient additions may also affect the number of flowers produced 

(Schlichting 1986, Vasek et al. 1987).  Additionally, stress responses to environmental 

and edaphic conditions may affect floral morphology.  In Epilobium angustifolium, 

drought stress is responsible for significant decreases in flower size (Carrol et al. 2001).  

Serpentine soils may yield plants with smaller and fewer inflorescences than conspecifics 

on non-serpentine substrates (Lee 1992). 

These previous studies help to explain the patterns of variation in floral 

morphology seen in populations of Lomatium cookii.  As previously mentioned, soils of 

the two sampled Illinois Valley populations are less fertile than those in the Rogue 

Valley, with lower nitrogen, phosphorus, and calcium concentrations and larger amounts 

of heavy metals.  The variation seen in floral morphology is consistent with previous 

studies that showed an increase in flower number and floral structure size to be positively 

correlated with soils with higher nutrient concentrations. 

Peduncle length, however, was significantly longer in French Flat plants than in 

Agate Desert plants.  Possible reasons for this may relate to avoidance of competition 

with other plants or access to pollinators and may not be a direct consequence of edaphic 

conditions.  Lomatium cookii at French Flat tends to grow among two comparatively 

large perennial bunchgrasses, Danthonia californica and Deschampsia caespitosa.  In the 

Agate Desert, L. cookii more commonly inhabits the edges of vernal pools, where large 

perennial bunchgrasses are not prominent.  This difference in associated plant community 

may reflect conditions that favor plants that extend their umbels beyond the surrounding 

bunchgrasses and into spaces with greater access to pollinators.  Increased access to 

pollinators can have positive influences on plant survival and fitness (Carroll et al. 2001).  
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Elongated flowering stalks have been observed in serpentine species in comparison to 

those of conspecifics off serpentine (Lee 1992).  Lee (personal communication) 

suggested avoidance of competition with other vegetation as a driving force for this 

feature.  

Additionally, all measured phenological variables were significantly different 

between the French Flat and Agate Desert populations.  Peak emergence, flowering, 

fruiting, senescence, and fruit dehiscence all occurred two to three weeks earlier at the 

Agate Desert.  This difference may be a result of environmental factors.  Curiously, NMS 

ordination showed the difference in phenology to be uncorrelated with soil moisture 

content.  Annual rainfall, however, does differ markedly between the population centers, 

with the Illinois Valley experiencing 3.7 times the precipitation of the Rogue Valley 

during the months of October through May.  Perhaps responsible for differences in 

phenology was snowfall.  On a visit to field sites on March 7 and 8, 2007, approximately 

20 cm of snow were found at French Flat.  While temperatures were low in the Agate 

Desert, snow was absent from the ground; the consistency of this snowfall pattern across 

years is unknown.  Phenological patterns may exhibit inter-annual fluctuations, in which 

case the observed differences between populations may not be consistent in subsequent 

years. 

Many studies have detected correlations of phenology with climatic constraints 

such as temperature (Fitter et al. 1995, Sparks and Carey 1995) and moisture (Vasek and 

Sauer 1971).  Studies of 163 flowering plant species showed that microclimatic 

differences as a result of slope and aspect significantly affect flowering phenology 

(Jackson 1966).  Phenological differences may also have a genetic basis (Dunne et al. 

2003), resulting from possible co-evolution with pollinators (Zimmerman et al. 1989, 

O’Neill 1999) or evolutionary constraints as a result of phylogeny (Rabinowitz et al. 

1981).  Fitness may also be impacted by differences in emergence and flowering 

phenology.  In Ranunculus adoneus, a decrease in seed size and number was correlated 

with a delay in flowering (Galen and Stanton 1991).  The seedlings resulting from larger 

seeds had a probability of survival six times that of seedlings from smaller seeds.  It is 

clear that many factors may be at play in determining the observed differences in 

phenology between the two studied population centers. 
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Vegetative morphology, survival, and flowering in native and reciprocal soils 

In greenhouse experiments, vegetative morphology differences were evident after 

the first growth cycle between Illinois Valley and Rogue Valley plants on their native 

soils.  Reciprocal plantings showed different overall morphology than either of the native 

plantings.  While there is overlap evident in the treatment clusters in an NMS ordination 

scatterplot (see Figure 2.4), all treatments resulted in significantly different overall 

vegetative morphologies.  Of all the treatment combinations, native soil treatments for 

each seed source yielded the greatest level of distinction between groups. 

Of note is that ten of fifteen traits (all traits except root:shoot and leaf blade 

length:width ratios) showed the same order of mean values.  Rogue Valley plants on their 

native non-serpentine soil generally produced plants that were larger than all other 

treatment combinations in taproot biomass, total height, leaf blade length and width, 

petiole length, lower leaflet length, third leaflet length and width, and ultimate leaf 

segment length and width.  The remaining three treatments, in order of largest to smallest 

for all of these traits, were IV.RV, RV.IV, and IV.IV.  This consistent order demonstrates 

the relatively high fertility of Rogue Valley soil and the inhibitory effect of the serpentine 

soils in the Illinois Valley.  In most cases, the IV.IV combination produced plants smaller 

than those in any other treatment.  This resulting order of size across treatments for many 

of the morphological characters indicates that adaptation to ultramafic substrates has 

occurred, and there is a genotype by environment interaction that increases the growth of 

Illinois Valley plants when grown on Rogue Valley soil.  Additionally, this may indicate 

that there is a cost to serpentine tolerance, since serpentine plants were unable to achieve 

a similar size to that of non-serpentine plants, even when planted in non-serpentine soil.  

However, the smaller stature of serpentine L. cookii, independent of soil type, may be 

interpreted as an advantage, since dwarfism is commonly present in plants found on 

serpentine substrates. 

Many of the vegetative morphology responses can be examined in the context of 

serpentinomorphoses.  On Illinois Valley soil, native plants showed overall dwarfism and 

the highest root:shoot ratio of all treatments.  While not quantified, a prostrate habit was 

commonly encountered in natural populations on serpentine soils.  This growth form is 
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also found in Lomatium nudicaule on ultramafic soils in southwest Oregon (Meinke 

personal communication).  These characters are a presumed result, in part, of the 

genotypic response to soil conditions.  They also are a result of the edaphic conditions 

themselves.  In serpentine soils, diluted nutrient pools require extensive root systems for 

the acquisition of sufficient mineral nutrition.  Dwarfism may exist in response to a 

similar impetus, with the lowered soil fertility of serpentine less capable of supporting 

abundant leafy growth.  In the case of root:shoot ratios and diminished above-ground 

habit, the distinction between genotypic variation and edaphically induced plastic 

responses is supported by the reciprocal greenhouse study (see Kruckeberg 2002). 

Size of vegetative morphology characters may be a reliable gauge of the fitness of 

L. cookii on serpentine substrates.  The consideration of survival and flowering factors 

support this.  After the first growth cycle, all treatments showed nearly equal survival 

rates, i.e. 91-93%.  No variation was present in relation to either seed source or soil type.  

At this stage, it appeared that the reduced stature of Illinois Valley plants did not affect 

fitness, as indicated by survivorship.  After the second growth cycle, Illinois Valley 

plants on the serpentine soil experienced increased mortality, with only 46% of the 

original plants surviving.  Survival of Illinois Valley plants on non-serpentine soil from 

the Rogue Valley (63%) was lower than that of Rogue Valley seed on the serpentine soil 

(69%).  The highest survival rate was exhibited by Rogue Valley plants on their native 

soils (74%). 

The observed increase in mortality in the second growth cycle may be a result of 

nutrient deficiency.  All plants were grown in a 6:3:1 mixture of soil:coir fiber:perlite for 

two seasons without the addition of any supplemental fertilizer.  The intention of this 

design was to explore how the native soil affected growth form, survival, and flowering 

without the confounding variable of nutrient additions.  It is likely that nutrients were 

sufficient for a single season of growth, resulting in high survival rates in all substrates.  

Nutrient limitations may have been reached in the second growth cycle, leading to 

increased mortality in all treatments.  However, the different levels of mortality between 

treatment combinations are suggestive of differences in tolerance to nutrient limitation.  

A genotypic response is present, as is evident in the different survival rates of the two 

seed sources on the same substrate. 



    

    

38
Rates of flowering after the second season were low in all treatments, but differed 

markedly between treatments.  None of the 108 plants in Illinois Valley soil produced 

flowers.  Of the 12 plants flowering on Rogue Valley soil, ten were from Illinois Valley 

seed.  Again, a genotypic response is suggested, as is a strong soil effect.  Illinois Valley 

plants may have been able to allocate the additional resources in Rogue Valley soils 

toward reproduction.  This result differs from that evidenced by survival rates, where 

increased soil resources were associated with increased survival in Illinois Valley plants, 

but not beyond the level evidenced by the Rogue Valley form in the less nutrient rich 

Illinois Valley soil. 

Overall, results of vegetative morphology, survival, and flowering inquiries 

indicate that Lomatium cookii can be examined in the context of genotypic variation in 

response to edaphic conditions.  Numerous studies support the observation of patterns of 

infraspecific ecotypic variation between serpentine and non-serpentine populations 

(Kruckeberg 1951, 1954, 1967, 1995, 2002, Walker 1954, Nixon and McMillan 1964, 

Proctor 1970, Main 1974, Marrs and Proctor 1976, Reeves and Baker 1984, Lee 1992, 

Cooke 1994).  Such studies vary in their results.  In one investigation, Kruckeberg (1967) 

examined 18 edaphically indifferent (bodenvag) species that occur on and off ultramafics 

and found that 15 were differentiated in their ability to tolerate serpentine soils.  In 

studies of an ultramafic population of Achillea lanulosa, minimal responses to changes in 

environmental conditions were observed, indicating adaptation to survival on its native 

substrate (Cooke 1994).  Its non-ultramafic counterpart was more responsive to changes 

in edaphic conditions, indicating a genetic difference between populations (Cooke 1994).  

Kruckeberg (1951) showed that Gilia capitata capitata and Achillea borealis grew larger 

on non-serpentine soil than on serpentine soil, independent of the source of seed.  The 

results of my study on Lomatium cookii are most congruent with the results of 

Kruckeberg (1951). 

 

Taxonomic and conservation applications 

Overall differentiation between populations of Lomatium cookii is supported by 1) 

reciprocal transplant studies showing genotypic and edaphic effects on vegetative 

morphology, 2) phenological and floral and fruit morphology differences between natural 
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populations, and 3) edaphic differences between sites that support the species.  

Kruckeberg (2002) states that “the linkage of distinctive morphological characters and 

geoedaphically unique habitat justifies taxonomic recognition.”  Some of the observed 

characters in the different seed sources of Lomatium cookii are present regardless of soil 

type, and there is a genotypic response to edaphics.  However, inferences from this study 

are limited to the observed populations; taxonomic recognition is therefore not merited.  

Amplified fragment length polymorphism (AFLP) diversity does not support 

splitting Lomatium cookii into two species or subspecies either (Gitzendanner and Solitis 

2001).  In a study of the French Flat, Agate Desert, and Jackson County Airport 

populations, 7.1% species-level AFLP diversity was found.  This level of AFLP diversity 

was lower than for the five other Lomatium species studied, including two other rare 

species (Gitzendanner and Soltis 2001). 

The resolution of differences between populations of Lomatium cookii would be 

clarified through crossing studies of members of each population center and examinations 

of the fitness of the resulting progeny.  Reduced hybrid fitness may support some level of 

taxonomic distinction.  Additionally, the inclusion of non-serpentine populations from the 

Illinois Valley in morphological and phenological studies would provide a more complete 

picture of the variation present across L. cookii populations. 

However the debate about species and infraspecific constitution is ongoing 

(Coyne and Orr 2004, Haig et al. 2006).  Some taxonomists require the absence of fertile 

hybrids to merit species distinction (Coyne and Orr 2004).  Requirements for 

consideration as infraspecific taxa vary depending on the definition of the taxonomist.  

Haig et al. (2006) proposed that subspecies criteria be based on minimal biological 

requirements, stating that such requirements include “two criteria based on discreteness 

of the population in relation to the remainder of the species to which it belongs and the 

biological significance of the population to the species.”  This definition was proposed to 

aid in the delineation of subspecies for listing under the federal Endangered Species Act 

(ESA).  The ESA currently provides protection for subspecies, and 125 of the 742 listed 

plant species have the ranking (Haig et al. 2006).  However, considerable debate exists as 

to the necessary qualifications to merit this taxonomic ranking (Haig et al. 2006), a reality 

that confounds the process of formal listing. 
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In light of the results of this study, emphasis on the diversity of habitats and forms 

of Lomatium cookii across its range is necessary for effective conservation and recovery 

of the species.  This emphasis exists in the current recovery plan (USFWS 2006), and the 

results of this study confirm the necessity of this approach.  Ecological and genetic 

variants merit protection and preservation, regardless of taxonomic status (Harper 1981). 
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Abstract 

 Population enhancement and creation are useful tools in rare plant conservation.  

A clear understanding of the germination and growth requirements of the species in 

question is necessary for the production of greenhouse-grown transplants for such efforts.  

If patterns of edaphic-influenced ecotypic variation are clearly evident in the species, an 

effective protocol will support greenhouse cultivation of representatives of that diversity.  

Lomatium cookii Kagan (Apiaceae) is a listed endangered species from southwest Oregon 

that exists in two population centers, with plants on soils of serpentine (ultramafic) and 

non-serpentine parentage.  Seeds from both putative ecotypes were evaluated for 

germination performance in relation to duration of warm-dry after-ripening, duration of 

cold-moist stratification, and post-stratification alternating temperature regime.  Seeds 

were planted in two native soils and two nursery media and were given two fertilization 

regimes.  In another experiment, seeds from both population centers were planted on two 

nursery media and given one of four fertilization regimes.  Twelve weeks of cold-moist 

stratification at 4°C promoted maximum germination in seeds of both population centers; 

duration of warm-dry after-ripening and alternating temperature regime did not affect 

germination.  Non-serpentine seed germinated at a higher rate than serpentine seed in the 

trial examining duration of warm-dry after-ripening.  Seedlings from both putative 

ecotypes grew taller, had higher above- and below-ground biomass, and a higher 

probability of survival over two growth cycles on non-serpentine native soils than on 

serpentine soils.  Plants in nursery media had the greatest probability of survival when 

fertilized monthly or biweekly, with weekly fertilization decreasing the probability of 

survival.  Overall, non-serpentine native soils produced the tallest plants with the most 

biomass and the greatest probability of survival.  It is recommended that native soils be 

used in any substrate mix for the greenhouse growth of L. cookii.  However, due to the 

lack of field transplant experiments, it is unclear how nutrient preconditioning of 

serpentine plants grown in non-serpentine soils will affect survival and reproduction. 

 

Introduction 

 The establishment of new populations and the augmentation of existing ones are 

important tools in rare plant recovery (Maunder 1992, Morse 1996).  The essential aim of 
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reintroduction and population enhancement is to establish and enrich self-sustaining 

populations (Guerrant 1996, Guerrant and Kaye 2007).  An increase in the number and 

size of rare plant populations serves to buffer against localized extinction (Maunder 

1992).  This protection comes in the form of increased genetic diversity and greater 

resistance to environmental perturbation and stochasticity (Barrett and Kohn 1991). 

Vital to the success of any outplanting effort is a clear understanding of the 

germination and cultivation requirements of any distinct variants of the species in 

question (Affolter 1997).  Previous challenges in reintroduction and population 

augmentation have arisen as a result of inadequate information about cultivation 

requirements (Reinartz 1995).  Having more complete information increases the 

likelihood of producing healthy, vigorous planting stock that is appropriate for the chosen 

outplanting site.   

Of concern in the development of a germination and propagation protocol for the 

planting of rare species into natural areas is the plant stock’s level of adaptation to its new 

habitat (Hufford and Mazer 2003).  The introduction of appropriate genotypes adapted to 

local conditions is a prerequisite for the support and restoration of population fitness and 

the success of any reintroduction or augmentation program.  Edaphic variation between 

habitats of isolated infraspecific populations may result in locally adapted variants within 

a plant species (Kruckeberg 2002).  When mixing different infraspecific ecotypes that do 

not naturally interbreed, potential genetic and adaptive consequences abound.  Such 

possible costs include out-breeding depression and genetic swamping, in which an 

increase in the frequency of introduced alleles may lead to the depauperation or 

replacement of locally adapted alleles (Keller et al. 2000, Hufford and Mazer 2003).  

These may reduce the overall fitness of a population, further endangering its viability.  

Such consequences enforce the importance of using locally adapted planting stock in any 

reintroduction or augmentation program (Keller et al. 2000).  An appropriately designed 

germination and cultivation protocol for a species exhibiting patterns of ecotypic 

variation will reduce the possibility of these consequences. 

The Draft Recovery Plan for Listed Species of the Rogue Valley Vernal Pool and 

Illinois Valley Wet Meadow Ecosystems (USFSW 2006) of southwest Oregon calls for 

the development of off-site cultivation and propagation techniques for Lomatium cookii, 
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an endangered species from populations with different edaphic conditions.  Investigations 

of ecotypic variation showed that morphological (vegetative, floral, and fruit) and 

phenological characters differ between study populations that occur on contrasting 

edaphic conditions (see Chapter 2). 

This study examined three hypotheses regarding the cultivation of Lomatium 

cookii: 1) duration of warm-dry after-ripening, cold-moist stratification, and subsequent 

temperature regimes affect germination rates, 2) seeds from different edaphic sources 

have different germination requirements and rates, and 3) growth requirements differ 

between seed sources.  To examine the above hypotheses, germination requirements were 

evaluated by exposing seed from different edaphic conditions to different periods of cold-

moist stratification and post-stratification alternating temperature regimes.  A second 

germination study evaluated the relationship between different periods of warm-dry after-

ripening before cold-moist stratification and seed germination.  Germinated seed from 

contrasting edaphic conditions was planted in a greenhouse on native substrate, the 

reciprocal substrate, and two different nursery media.  Each treatment was further divided 

into two fertilizer regimes.  Height, biomass, survival, and rate of flowering were 

measured over two seasons to evaluate the effectiveness of cultivation methods.  In 

response to the initial results, a further examination focused on height and survival in 

response to a factorial study of two seed sources, two nursery media, and four fertilizer 

regimes.  The guidelines developed in this study will improve our ability to establish new 

populations and augment existing ones, aiding in the ultimate recovery of this endangered 

species. 

 

Study system and species overview 

Lomatium (Apiaceae) includes approximately 90 species, many of which are rare; 

all are restricted to Western North America (Constance 1993).  Lomatium cookii is a 

restricted endemic, with populations in two isolated centers of distribution, separated by 

60 kilometers of varied mountainous terrain (see Figure 2.1).  In the Illinois Valley, L. 

cookii inhabits ephemeral wet meadows on soils of either serpentine or non-serpentine 

parent material.  In the Rogue Valley, L. cookii is found in vernal pool and ephemeral wet 

meadow systems on mixed alluvium soils of non-serpentine origin.   
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Lomatium cookii is a rather inconspicuous, taprooted, herbaceous perennial, 

growing 15-50 cm in height.  Its leaves are thin, oblong, and ternately divided (Kagan 

1986).  The plant produces numerous cream to yellow flowers on compound umbels in 

the early spring (see Figure 2.2).  Fruits are oblong with lateral, corky wings.  It is quite 

similar morphologically to Lomatium bradshawii, an endangered species from wet prairie 

systems in the Willamette Valley, Oregon.  Apart from its distribution, L. cookii can be 

distinguished from L. bradshawii by its branched taproot and lanceolate versus 

fimbriolate involucel bracklets.   

 Lomatium cookii was first collected in 1981 and was officially described in 1986 

(Kagan 1986).  The State of Oregon listed it as endangered in 1995; the U.S. Fish and 

Wildlife Service in 2002 (USFWS 2002, ODA 2008).  The USFWS has assigned the 

species a recovery priority number of 2C, indicating a high degree of threat, including 

that posed by construction and development, yet a high potential for recovery (USFSW 

2002).  Current major conservation efforts are focused on the protection and monitoring 

of existing populations and the establishment of new populations on protected land. 

 In the Rogue River Valley near Medford (Jackson County), L. cookii can be found 

in 13 populations covering 63 hectares.  Recent estimates suggest approximately 34,000 

individuals across all populations in the Rogue Valley (U.S. Fish and Wildlife Service 

2006).  Roughly 850 hectares of potential habitat remain in the Rogue Valley, with much 

of this on private land.  In the Illinois River Valley near Cave Junction (Josephine 

County), 24 populations cover 67 hectares.  Estimations of potential remaining habitat 

reach 513 hectares.  The largest population in the Illinois Valley alone is estimated to 

have more than 200,000 individuals (Kaye 2003).  While this may seem quite large for a 

listed endangered species, the high level of geographic isolation and the small number of 

populations leaves the species vulnerable to catastrophic decline.  Historically, this 

species may have existed on up to 12,950 hectares, though given the fact that this species 

was only recently described, the actual historic distribution may deviate from this 

estimation (USFWS 2002). 

 

Methods 

Seed Collection 
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Two sites were chosen in each of the major population centers for seed and soil 

collection.  In the Illinois Valley, seed was collected at the French Flat Area of Critical 

Environmental Concern (Bureau of Land Management property) and along the Oregon 

Caves Highway at Laurel Road (Oregon Department of Transportation) on June 20, 2006 

and June 11, 2007.  In the Rogue Valley, seed was collected at the Agate Desert Preserve 

(The Nature Conservancy) and the Jackson County Airport on June 6, 2006 and May 27, 

2007.  Soil was collected at French Flat and the Jackson County Airport.  Maternal lines 

were kept separate during the collection process and collection activities were 

randomized to avoid bias in maternal plant selection.  No more than 10% of the available 

seed was collected from any single population.  After collection, seed was cleaned and 

stored in a room with mean day-time temperatures of 25-30° C until initiation of 

germination studies. 

 

Germination 

Two studies were designed to determine the optimum conditions for germination 

of L. cookii seed.  Treatments included seed source, period of cold-moist stratification at 

4°C, post-stratification temperature, and period of warm-dry after-ripening. 

In 2006, prior to treatment, all seed was stored in a paper bag at 25-30° C for a 

75-day warm-dry after-ripening period.  In order to determine the proper conditions for 

ex situ germination, all possible combinations of two seed sources, five periods of cold-

moist stratification, and two post-stratification alternating temperature regimes were 

examined.  Seed source was treated on a population center level, with Rogue Valley and 

Illinois Valley as the comparison groups.  Twenty maternal lines were chosen from each 

population center.  In most cases, seed from each maternal line was distributed evenly 

amongst the treatments.  However, the number of seeds produced by a single mother 

plant was a limiting factor; as a result, different maternal lines were used for the two 

different post-stratification temperature regimes.  For each replicate, 16 seeds were 

placed in a 3.5-inch plastic petri dish on 30 weight steel blue blotter germination paper 

from Hoffman Manufacturing, Inc.  Cold-moist stratification was performed at 4ºC for 

periods of 0, 4, 8, 12, and 16 weeks in Hoffman Manufacturing, Inc. custom walk-in 

chambers at the Oregon State University Seed Lab.  Post-stratification temperature 
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regimes occurred in separate walk-in chambers, and included 30ºC/20ºC (16 hour day/8 

hour night) and 25ºC/15ºC. 

Upon removal from cold-moist stratification and placement in the post-

stratification temperature chambers, the number of germinated seeds in each replicate 

was counted weekly for eight weeks.  A seed was considered to have germinated when 

the radicle was visible.  Total germination was expressed as the percentage of seeds 

germinated in each replicate. 

In 2007, four periods of warm-dry after-ripening were tested prior to the 

placement of seeds in cold-moist stratification.  After-ripening was considered to be the 

time between schizocarp dehiscence (or seed collection in this case) and placement of the 

seeds in cold-moist stratification.  After collection, seed was placed in a paper bag and 

stored in a room with day-time temperatures of 25-30° C for periods of 7, 25, 75, and 150 

days.  Seed source was treated on a population center level, with Rogue Valley and 

Illinois Valley as the comparison groups.  Twenty maternal lines in each comparison 

group were spread evenly across the treatments.  Each replicate consisted of 20 seeds 

placed in a 3.5-inch plastic petri dish on saturated 30 weight steel blue blotter 

germination paper from Hoffman Manufacturing, Inc.  Upon the completion of the 

appropriate after-ripening period, seeds were placed in a dark 4ºC walk-in germinator for 

20 weeks, with seed germination counted biweekly starting at week 12.  No post-

stratification alternating temperature environments were used in this trial.  Total 

germination was expressed as the percentage of seeds germinated in each replicate to the 

total number of seeds in each replicate. 

 

Cultivation requirements in native soils and nursery mixes 

A factorial study looked at the effect of four substrates, two fertilizer regimes, and 

two seed sources on the survival and growth of L. cookii.  Seed source was treated on a 

population center level, with Rogue Valley and Illinois Valley as the comparison groups.  

Fifty-four plants germinated seeds were placed in each treatment combination, with 

maternal lines from the two seed sources evenly distributed between treatment 

combinations.  Plants were grown in 2 7/8-inch square-topped, 9-inch deep pots from 

Anderson Die and Manufacturing Company.     
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The four substrates examined included two composed primarily of native soil and 

two consisting of nursery media.  The substrates were: 1) a 6:3:1 mixture of Illinois 

Valley Soil, coir fiber, and perlite (IV); 2) a 6:3:1 mixture of Rogue Valley Soil, coir 

fiber, and perlite (RV); 3) a 3:3:2 mixture of coir fiber, Down To EarthTM 100% natural 

compost, and perlite (3:3:2); and 4) Sunshine SB40 Professional Growing Mix (SB40) 

from Sun Gro Horticulture.   Due to the presence of large gravel in the Rogue Valley soil, 

both native soils were sifted through a one-centimeter screen prior to mixing with the 

other ingredients.  Substrates 3 and 4 contained a mixture of equal parts blood meal, rock 

phosphate, and greensand (base fertilizer), mixed at a rate of 1 part base fertilizer to 100 

parts growing medium.  Plants in substrates 3 and 4 also received supplemental fertilizer 

upon emergence. 

Fertilization regimes were 1) monthly and 2) no additional fertilizer.  To remove 

confounding variables, supplemental fertilization was given to all plants upon emergence 

in the 3:3:2 and SB40 substrates, but was considered part of the substrate treatment.  This 

allowed for comparison of all four substrates in the no fertilizer treatment group.  

Fertilizer was prepared by mixing 60mL of Down-to-EarthTM 5-5-5 All Purpose Liquid 

Fertilizer and 30mL of MaxicropTM Liquified Seaweed (0.1-0-1.0) in one gallon of water. 

This mixture was applied in 50mL doses per plant at the rate specified by the treatment. 

Plants were grown for two cycles.  A growth cycle included a period of active 

growth, senescence, and simulated overwintering.  One-hundred twenty days after 

emergence, above-ground height, leaf number, above-ground dry biomass, below-ground 

dry biomass, and percent survival were measured.  In the second growth cycle, biomass 

measurements were not completed due to lack of sufficient plant material for destructive 

sampling.  Response variables measured 90 days after re-emergence in the second season 

of growth included above-ground height, percent survival, and percent flowering. 

In response to the survival rate of nursery media plants after the first growth 

cycle, a second study was designed to further evaluate the relationship between seed 

source, nursery media, fertilizer regime, and the growth of L. cookii.  A factorial study 

included two seed sources, two substrates (3:3:2 and SB40), and four fertilizer regimes 

(once upon emergence, monthly, biweekly, weekly).  Substrates and fertilizers were 

prepared using the same methods as were used in the previous cultivation study.  For 



    

    

54
each combination of treatments, twenty replicates were used, with maternal lines from all 

seed sources spread evenly across the treatments.  After 90 days of growth, percent 

survival and above-ground height were evaluated. 

 

Data Analysis 

Germination 

Percent germination as a function of weeks of cold-moist stratification at 4°C, 

post-stratification temperature environment, and seed source was evaluated with a 

logistic regression model in SAS 9.0.  The full model with all two- and three-way 

interactions was run first.  Factors that did not contribute significantly to the model were 

removed and the analysis recomputed.  Analysis of 2007 germination data was performed 

in the same manner with days of warm-dry after-ripening and seed source as predictor 

variables. 

Both the -2 log likelihood and Cox and Snell’s R2
CS value were calculated.  The 

log likelihood value is based on the summed probabilities of predicted and actual 

outcomes, and is an explanation of the quantity of unexplained information after the 

model has been fitted (Field 2005).  When multiplied by negative two, the value has an 

approximate chi-square distribution.  The larger the value, the larger the number of actual 

observations unexplained by the model.  Cox and Snell’s R2
CS value is indicative of the 

partial correlation between the outcome variable and each predictor variable, and is based 

on a comparison of the log likelihood values for the full and reduced models.  Values 

range from -1 to 1, with a positive value indicating that the likelihood of an event 

occurring increases with each increase in the predictor variable.  A value close to zero 

indicates a smaller contribution to the model (Field 2005). 

Odds were calculated by dividing the probability of germination under a set of 

predictors by the probability of no germination under the same conditions.  Odds ratios to 

compare treatments were calculated by dividing the odds of germination in one treatment 

by the odds of germination in another treatment. 

 

 Growth in native soils and nursery mixes 
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 Height data for first and second growth cycles were analyzed separately using 

three-way analysis of variance in S-Plus 8.0.  Above- and below-ground biomass data for 

plants after one growth cycle were also analyzed in this manner.  All data regarding 

plants in Sunshine Grow Mix (SB40) were removed due to very low survival and 

insufficient sample size for height and biomass measurements.  All possible linear 

combinations of means within seed source (biomass and height) and growth cycle 

(height) were evaluated with two-sample t-tests (significance level of p<0.05).  Biomass 

measurements were log-transformed to meet the assumptions of ANOVA and t-tests. 

 The numbers of surviving plants after the first and second growth cycles were 

compared using the backwards stepwise method of logistic regression in SPSS 15.0.  All 

values for plants in Sunshine Grow Mix (SB40) were removed from consideration in the 

model because mortality exceeded 99%.  For each analysis, both the -2 log likelihood and 

Cox and Snell’s R2
CS value were calculated. 

Fisher’s Exact Test was used to evaluate three hypotheses regarding the 

proportion of plants within each treatment that produced flowers.  These were the tests of 

no difference in the proportion of flowering plants in different 1) soil types, 2) seed 

sources, and 3) fertilizer regimes.  With low values in a contingency table such as those 

in this data set, Fisher’s Exact Test is more accurate than Chi-square analysis.  Results 

from both 3:3:2 nursery mix and SB40 were not analyzed because only one of 432 

original plants survived to produce an umbel.  Contingency tables were built by summing 

the two levels of a single variable and presenting the results in a 2x2 table with the other 

two variables as predictors.  In this fashion, three 2x2 contingency tables were 

constructed. 

 

Nursery mix fertilizer comparison 

 Plant height (cm) was compared across combinations of two seed sources, two 

nursery media, and four fertilizer regimes using three-way analysis of variance.  All two- 

and three-way interactions were evaluated.  Linear comparisons within seed source were 

done with two-sample t-tests. 
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 Survival was analyzed with logistic regression using backwards elimination.  Cox 

and Snell’s R2
CS value and the –2 log likelihood were calculated as measures of goodness 

of fit. 

 

Results 

Germination 

 In 2006, weeks of cold-moist stratification at 4°C was the only significant 

predictor of seed germination in a logistic regression model (Table 3.1, -2 log likelihood 

= 580.261, R2
CS = 0.888).  Neither seed source nor post-stratification temperature regime 

contributed significantly to the model.  Zero and four weeks of cold-moist stratification at 

4°C resulted in no seed germination.  Based on the logistic regression model, the odds of 

germination after 12 weeks of cold-moist stratification at 4°C were 4.80 times that of 

germination after eight weeks.  For each one-week increase from eight to twelve weeks in 

cold-moist stratification period, the odds of germination increased by 1.48 (p<0.0001, 

95% CI: 1.40 to 1.56).  Independent of seed source and post-stratification temperature 

regime, mean (±standard error) germination percentage after eight weeks of cold 

stratification was 51.3% (±4.2), twelve weeks 82.8% (±2.3), and sixteen weeks 80.2% 

(±3.2) (Figure 3.1). 

 
Table 3.1: Logistic regression models for the germination of Lomatium cookii seed in 
two trial years.  RV=Rogue Valley. 
Year Parameter Coeff. (B) S.E. Wald p-value eB 95% CI 

eB

2006 Constant -3.7155 0.2675 191.92 <0.0001 0.0243  
 Wks of cold-

moist strat. 0.3916 0.0266 216.92 <0.0001 1.479 1.404 to 
1.559 

2007 Constant 1.5680 0.1136 190.64 <0.0001 4.797  
 RV seed 1.1400 0.2105 29.33 <0.0001 3.127 2.070 to 

4.724 
 



    

    

57

0

20

40

60

80

100

0 4 8 12 16

IV 25° C/15° C
RV 25° C/15° C
RV 30° C/20° C
IV 30° C/20° C

Pe
rc

en
t g

er
m

in
at

io
n

Weeks of cold-moist stratification at 4°C
 

 
Figure 3.1: Effects of duration of cold-moist stratification on germination of seeds from 
two population centers of Lomatium cookii placed in two post-stratification alternating 
temperature environments.   Vertical lines at each point represent ± standard error.  
RV=Rogue Valley seed, IV=Illinois Valley seed. 
 

Trials in 2007 revealed that the period of warm-dry after-ripening prior to cold-

moist stratification was not significantly correlated with germination percentage (logistic 

regression, p=0.2093).  Seed source, however, was significantly correlated with 

germination (p<0.0001, -2 log likelihood = 753.536, R2
CS = 0.336).  The odds of 

germination of Rogue Valley seeds were 3.13 times that of Illinois Valley seeds (95% CI: 

2.070 to 4.724).  Mean (±standard error) germination percentage for Rogue Valley seed 

was 93.8% (±0.7); Illinois Valley seed, 82.8% (±1.9) (Figure 3.2).   
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Figure 3.2: Percent germination of seeds of Lomatium cookii after periods of warm-dry 
after-ripening.  All after-ripening treatments were followed by 12 weeks of cold-moist 
stratification at 4°C.  RV=Rogue Valley seed, IV=Illinois Valley seed. 
 

Growth in native soils and nursery mixes 

After one growth cycle, logistic regression analyses (Table 3.2) indicated that 

seed source and soil type were significant predictors of survival (-2 Log Likelihood = 

565.79, R2
CS = 0.179).  Fertilizer additions and all two-way and three-way interactions 

with seed source and soil type did not contribute significantly to the model.  The nursery 

medium SB40 was excluded from consideration in the model; only ten of 216 plants 

survived until the end of the first growth season.  Independent of soil type, plants from 

Illinois Valley seed had a survival odds ratio of 1.52 times than those from Rogue Valley 

seed (p=0.047, 95% CI: 1.01 to 2.33).  Independent of seed source, plants in Rogue 

Valley soil had a survival odds ratio of 10.79 times that of plants in 3:3:2 custom nursery 

mix (p<0.0001, 95% CI: 6.20 to 18.78).  Also independent of seed source, plants in 

Illinois Valley soil had a survival odds ratio of 8.22 times that of plants in 3:3:2 custom 

nursery mix (p<0.0001, 95% CI: 4.94 to 13.70).  The substrate resulting in the highest 
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percent survival for either seed source was Rogue Valley soil, with 92.6% of Illinois 

Valley seed and 90.7% of Rogue Valley seed surviving. 

Table 3.2: Logistic regression analysis of Lomatium cookii survival after the first and 
second growth cycles in greenhouse conditions.  RV = Rogue Valley, IV=Illinois Valley, 
fert = monthly supplemental fertilizer. 
 
Cycle Parameter Coeff. 

(B) SE Wald p eB 95% CI eB

1st constant 0.248 0.173 2.04 0.153 1.28  
 RV seed -0.420 0.212 3.94 0.047 0.66 0.43 to 0.995 
 IV soil 2.107 0.261 65.41 <0.001 8.22 4.94 to 13.70 
 RV soil 2.379 0.283 70.86 <0.001 10.79 6.20 to 18.78 
        
2nd constant -0.972 0.187 26.99 <0.001 0.39  
 IV soil 0.824 0.331 6.20 0.013 2.28 1.19 to 4.36 
 RV soil 1.899 0.217 76.56 <0.001 6.68 4.36 to 10.22 
 fert -0.370 0.216 2.936 0.087 0.69 0.45 to 1.06 
 IVsoil* 

RVseed 0.926 0.400 5.35 0.021 2.53 1.15 to 5.53 

 IVsoil*fert 1.130 0.450 6.31 0.012 3.10 1.28 to 7.47 
 IVsoil*fert* 

RV seed -1.085 0.565 3.69 0.055 0.34 0.11 to 1.02 

 

More treatment factors affected survival in the second season of growth (Table 

3.2).  Predictors that significantly increased the odds of survival (Illinois Valley seed in 

3:3:2 custom grow mix without fertilizer is the baseline) were Rogue Valley soil, Illinois 

Valley soil, the interaction between Rogue Valley seed and Illinois Valley soil, and the 

interaction between fertilizer and Illinois Valley soil (p<0.001, -2 Log Likelihood = 

791.65, R2
CS = 0.152). A factor suggestive of a decrease in the odds of survival was the 

three way interaction between Illinois Valley soil, monthly fertilizer addition, and Rogue 

Valley seed (p=0.055).  Monthly fertilizer additions were suggestive of a decrease in the 

odds of survival (p=0.087).  Sunshine Grow Mix (SB40) was excluded from 

consideration in the model; only two of 216 plants survived through two seasons of 

growth.  Independent of seed source, plants in Illinois Valley soil had a survival odds 

ratio of 2.28 times that of plants in 3:3:2 custom nursery mix (p=0.013, 95% CI: 1.19 to 

4.36).  All plants in Rogue Valley soil had a survival odds ratio of 6.68 times that of 

plants in 3:3:2 custom nursery mix (p<0.001, 95% CI: 4.36 to 10.22).  Plants that 
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received no fertilizer had a survival odds ratio of 1.45 times that of plants that received 

monthly fertilizer (p=0.087, 95% CI: 0.94 to 2.22).  However, when on Illinois Valley 

soil, plants receiving fertilizer had a survival odds ratio of 3.10 times that of plants on 

3:3:2 custom nursery mix that received no fertilizer.  Rogue Valley plants grown in 

Illinois Valley soil with supplemental fertilizer had a survival odds ratio of 0.34 times 

that of Illinois Valley seed growing on 3:3:2 custom nursery mix with no fertilizer 

additions (p=0.055, 95% CI: 0.011 to 1.02). 

 There was no difference in the proportion of flowering plants between soils 

(p=0.280), seed sources (p=0.196), or fertilizer regimes (p=0.610).  Despite this, clear 

trends did arise (Figure 3.3).  Illinois Valley seed had odds of flowering 2.6 times that of 

Rogue Valley seed.  Independent of seed source and soil, the odds of flowering in 

supplemental fertilizer treatments were 2.9 times that of flowering without fertilizer.  

Overall, the odds of flowering in Rogue Valley soil were 4.9 times that of flowering in 

Illinois Valley soil. 
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Figure 3.3: Percent flowering of Lomatium cookii in different treatment combinations of 
seed source, soil, and fertilizer regime.  RV=Rogue Valley, IV=Illinois Valley, 
3:3:2=custom nursery mix, Fert=monthly supplemental fertilizer. 
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After one growth cycle, mean overall height differed across treatments.  Seed, 

soil, fertilizer, and a seed by soil interaction contributed significantly to the observed 

variation in height (Table 3.3, p>0.05, three-way ANOVA).  All other two- and three-

way interactions were not reliable predictors of height.  Plants from Rogue Valley seed 

had the largest mean height in Rogue Valley soil with monthly fertilizer additions (Figure 

3.4, p<0.05).  Rogue Valley seed had the smallest mean height in Illinois Valley soil 

without supplemental fertilizer, differing significantly from observed height values in 

Rogue Valley soil and Illinois Valley soil with fertilizer (p<0.05).  Height in Illinois 

Valley soil without fertilizer did not differ significantly from observed heights in 3:3:2 

custom nursery mix, with and without supplemental fertilizer.  Illinois Valley seed was 

also tallest in Rogue Valley soil with supplemental fertilizer, differing significantly from 

all other treatments except Illinois Valley soil with supplemental fertilizer (p<0.05).  

Illinois Valley seed was shortest in its native soil without supplemental fertilizer 

(p<0.05). 

Table 3.3: Analysis of variance of height of Lomatium cookii after one (n=476) and two 
(n=325) growth cycles.  
 
Cycle Parameter df Sum of Sq Mean sq. F value p-value 
1st seed 1 11361.9 11361.9 20.10 <0.0001 
 substrate 2 68105.9 34052.9 60.24 <0.0001 
 fert 1 37626.1 37626.1 66.56 <0.0001 
 seed*substrate 2 605.5 302.7 0.54 0.586 
 seed*fert 1 812.5 812.5 1.44 0.231 
 substrate*fert 2 9904.7 4952.3 8.76 <0.0001 
 seed*substrate

*fert 2 2104.9 1052.5 1.86 0.157 

 residuals 464 262289.1 565.3   
2nd seed 1 48673.9 48673.9 22.67 <0.0001 
 substrate 2 160953.4 80476.7 37.48 <0.0001 
 fert 1 117244.9 117244.9 54.60 <0.0001 
 seed*substrate 2 3306.7 1653.4 0.77 0.464 
 seed*fert 1 52.9 52.9 0.03 0.875 
 soil*fert 2 28657.5 14328.7 6.67 0.001 
 seed*substrate

*fert 2 1584.8 792.4 0.37 0.692 

 residuals 313 672134.5 2147.4   
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As during the first growth cycle, seed, soil, fertilizer, and a seed by soil interaction 

contributed significantly to the observed variation in height in the second growth cycle  

(Table 3.3, p>0.05, three-way ANOVA).  All other two- and three-way interactions were 

not significant predictors of height.  Rogue Valley seed had the tallest growth on Rogue 

Valley soil with supplemental fertilizer, differing significantly from that of both Illinois 

Valley soil treatment and 3:3:2 custom nursery mix without supplemental fertilizer 

(Figure 3.4, p<0.05).  Values for unfertilized plants in Rogue Valley soil and fertilized 

plants in 3:3:2 mix did not differ significantly from those of fertilized Rogue Valley 

plants on their native soil (p>0.05).  Illinois Valley seed grew tallest in Rogue Valley soil 

with supplemental fertilizer, but showed no significant difference in height between all 

fertilized soil treatments and unfertilized Rogue Valley soil (p>0.05).  As in the first 

growth cycle, Illinois Valley plants were smallest in their native soil without 

supplemental fertilizer (p<0.05). 

 Soil, fertilizer, soil by fertilizer interaction, and the soil by seed by fertilizer 

interaction were significant predictors of above-ground biomass (Table 3.4; p<0.05).  

Seed source, seed by soil interaction, and seed by fertilizer interactions were not 

significant predictors of the observed variation in above-ground biomass (p>0.05).  

Rogue Valley seed produced the greatest above ground biomass in its native soil with 

supplemental fertilizer, though the mean did not differ significantly from that of either 

Illinois Valley soil or 3:3:2 custom nursery mix with supplemental fertilizer (Figure 3.5).  

Rogue Valley plants in Illinois Valley soil without supplemental fertilizer had the 

smallest mean above ground biomass of all treatments within the seed source (p<0.05).  

Linear combinations of mean above ground biomass of Illinois Valley seed did not differ 

significantly across all treatments with the exception of Illinois Valley soil without 

fertilizer, where the mean was significantly lower than all other treatment combinations 

(p<0.05). 

Soil, fertilizer, and the soil by fertilizer interaction were significant predictors of 

below-ground biomass; seed source and all other two-way and three-way interactions 

were not (Table 3.4).  Rogue Valley seed and Illinois Valley seed had the highest below-

ground biomass in both Rogue Valley soil treatments and in Illinois Valley soil with 

supplemental fertilizer (Figure 3.5).  Unfertilized Illinois Valley soil and both 3:3:2  
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Figure 3.4: Mean height and standard errors of Lomatium cookii after one and two 
growth cycles using different combinations of seed, soil, and fertilizer.  Results of linear 
combinations with two-sample t-tests are indicated by letters above the bars; different 
letters between bars indicate a significant difference (p<0.05).  Linear combinations were 
analyzed within seed source and growth cycle.  RV = Rogue Valley soil, IV = Illinois 
Valley soil, Fert = monthly supplemental fertilizer. 
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Table 3.4: Analysis of variance of effect of two seed sources, three substrates, and two 
fertilizer regimes on above-ground and below-ground dry biomass of Lomatium cookii. 
 
Biomass 
Measurement 

Parameter df Sum of Sq Mean 
sq. F value p-value 

seed source 1 0.243 0.243 0.38 0.537 
substrate 2 21.771 10.886 17.15 <0.0001 
fert 1 37.891 37.891 59.71 <0.0001 
seed*substrate 2 2.486 1.243 1.96 0.146 
seed*fert 1 0.001 0.001 0.00 0.965 
substrate*fert 2 21.165 10.582 16.68 <0.0001 
seed*substrate*fert 2 4.442 2.221 3.50 0.033 

Above-ground 
(log mg) 

residuals 121 76.790 0.635   
seed source 1 0.47 0.47 0.93 0.337 
substrate 2 25.51 12.76 25.14 <0.0001 
fert 1 12.87 12.87 25.36 <0.0001 
seed*substrate 2 0.53 0.27 0.52 0.594 
seed*fert 1 0.16 0.16 0.32 0.573 
substrate*fert 2 15.65 7.82 15.42 <0.0001 
seed*substrate*fert 2 1.14 0.57 1.13 0.327 

Below-ground 
(log mg) 

residuals 123 62.41 0.51   
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Figure 3.5: Mean above and below ground dry biomass and standard errors of Lomatium 
cookii in different combinations of seed, soil, and fertilizer.  Results of linear 
combinations with two-sample t-tests are indicated by letters above the bars; different 
letters between bars indicate a significant difference (p<0.05).  Linear combinations were 
done within seed source and were performed on log-transformed data.  RV = Rogue 
Valley soil, IV = Illinois Valley soil, Fert = monthly supplemental fertilizer.
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nursery mix treatments produced Rogue Valley plants with the lowest below-ground 

biomass.  Illinois Valley plants had the lowest below-ground biomass when unfertilized 

in their native soil. 

 

Nursery mix fertilizer comparison 

 In a comparison of two seed sources, two nursery media, and four fertilization 

regimes, survival was significantly correlated with numerous factors (logistic regression, 

Table 3.5, -2 Log Likelihood = 352.74, R2
CS = 0.242).  The reference level for the model  

was for survival of plants from Illinois Valley seed planted in SB40 Sunshine Grow Mix 

and fertilized once upon emergence.  Parameters in the model significantly correlated 

with an increase in the probability of survival included the 3:3:2 nursery mix (p=0.001), 

the interaction between monthly fertilization and the 3:3:2 nursery mix (p=0.019), and 

the three-way interaction between biweekly fertilization, Rogue Valley seed, and the 

3:3:2 nursery mix (p=0.005).  Parameters significantly correlated with a decrease in the 

probability of survival when compared to the reference level were weekly fertilization 

(p<0.0001), the interaction between monthly fertilization and Rogue Valley seed 

(p=0.015), and the interaction between biweekly fertilization and Rogue Valley seed 

(p=0.009).  The odds of survival for all plants in 3:3:2 nursery mix was 2.65 times that of 

plants in SB Sunshine Grow Mix (95% CI: 1.48 to 4.78).  Rogue Valley seed had the 

highest probability of survival in 3:3:2 nursery mix with biweekly fertilization.  Illinois 

Valley seed had the highest probability of survival in 3:3:2 nursery mix with monthly 

fertilization.  The heaviest level of fertilization (weekly) resulted in the lowest odds of 

survival for Illinois Valley seed, 0.21 times that of plants with fertilization only upon 

emergence (p<0.0001, 95% CI: 0.11 to 0.40). 
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Table 3.5: Logistic regression model for the survival of Lomatium cookii.  RV = Rogue 
Valley. 
Parameter Coeff. (B) S.E. Wald p eB 95% CI eB

constant -.228 .208 1.21 0.272 0.796  
3:3:2 substrate .976 .300 10.60 0.001 2.654 1.48 to 4.78 
fert weekly  -1.562 .331 22.25 <0.0001 0.210 0.11 to 0.40 
fert monthly* 3:3:2 

substrate 1.356 .579 5.49 0.019 3.879 1.25 to 12.06 

fert monthly* RVseed -1.214 .498 5.95 0.015 0.297 .11 to 0.79 
fert biweekly* RVseed -2.716 1.047 6.73 0.009 0.066 0.01 to 0.52 
fert biweekly*RV 

seed*3:3:2 substrate 3.355 1.206 7.74 0.005 28.638 2.69 to 304.58

 

Overall plant height was a function of fertilization regime (Table 3.6, 3-way 

ANOVA, p=0.002), substrate (p=0.004), and the interaction between fertilization regime  

and substrate (p=0.029).  Seed source and all other two-way and three-way interactions 

were not significantly correlated with plant height.  Linear combinations of the means 

between all treatments using Welch’s t-test indicated no difference in mean height across 

treatments using Rogue Valley seed (Figure 3.6).  The mean height of plants from Illinois 

Valley seed was significantly smaller than all other treatments within seed source when 

fertilized weekly in SB40 (p<0.05).  Plants in all fertilization regimes in 3:3:2 nursery 

mix, and those fertilized only once or monthly in SB40 Sunshine Grow Mix did not differ 

in mean height. 

 
Table 3.6: Analysis of variance of effect of two seed sources, two nursery media, and 
four fertilizer regimes on height of Lomatium cookii. 
 
Parameter df Sum of Sq Mean sq. F value p-value 
fert 1 7035.4 7035.4 9.538 0.002 
substrate 1 6364.3 6364.3 8.628 0.004 
seed source 1 153.7 153.7 0.208 0.649 
fert*substrate 1 3611 3611.0 4.895 0.029 
fert*seed source 1 1337.3 1337.3 1.813 0.180 
substrate*seed source 1 152.8 152.8 0.207 0.650 
fert*substrate*seed source 1 1370.6 1370.6 1.858 0.175 
residuals 136 100315.8 737.6   
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Figure 3.6: Mean height ± standard error for two seed sources of Lomatium cookii 
planted in two nursery media and subjected to four fertilizer regimes.  Results of linear 
combinations with Welch’s two-sample t-tests are indicated by letters above the bars; 
different letters between bars indicate a significant difference (p<0.05).  Linear 
combinations were performed within seed source.  Rogue Valley seed in SB40 with 
biweekly fertilization lacks error bars and was omitted from linear comparisons because 
only one plant survived in the treatment. 
  

Discussion 

Germination 

 Duration of cold-moist stratification at 4ºC was the only factor significantly 

affecting germination rate in 2006.  Seed source and post-stratification alternating 

temperature regime did not significantly affect germination rates.  Germination did not 

occur in the absence of cold-moist stratification.  Germination rates were also zero after 

four weeks of cold-stratification, indicating that seeds of Lomatium cookii display 

physiological dormancy (Baskin and Baskin 1998).  Germination began after eight weeks 

of cold-moist stratification and reached its zenith after twelve weeks.  An additional four 

weeks of cold-moist stratification did not improve germination rates.   

 These results are consistent with other published germination studies of 

Lomatium.  Kagan (1994) reported that seed of L. cookii required up to four months of 
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cool temperatures for germination.  Kaye and Kuykendall (2001) found that seeds of 

Lomatium bradshawii, a close relative of L. cookii, required cold-moist stratification, and 

that germination rates increased with increased duration of stratification. Other species of 

Lomatium known to have cold-moist stratification requirements to induce germination 

include L. dissectum (Pelton 1956, Skinner 2004, Parkinson and Debolt 2005), L. 

nudicale (Bartow 2003), L. grayi (Parkinson and Debolt 2005), and L. triternatum 

(Skinner 2002, Parkinson and Debolt 2005).  For many species of Lomatium, as well as 

for those in other families, the optimum temperature for breaking dormancy through 

cold-stratification is approximately 5º C (Bewley and Black 1982).  

 At the Agate Desert (RV) population of L. cookii, Brock (1987) observed that 

seed germination began in early February and continued for about six weeks.  The 

beginning of this germination period comes on the heels of a multi-month period of 

temperatures similar to that used in cold-moist stratification in this experiment.  This 

observed requirement for cold-moist stratification prepares the plant for germination 

when environmental conditions are proper to support seedling survival (Probert 1992).  

Most herbaceous species of temperate grasslands demonstrate physiological dormancy 

that is relieved by cold-stratification (Baskin and Baskin 1998).  Germination during an 

uncharacteristic summer rain is eschewed through physiological dormancy and cold-

stratification requirements. 

 No difference in germination was found across periods of warm-dry after-ripening 

prior to cold-moist stratification.  These results rule out the need for a post-dehiscence 

warm, dry after-ripening period prior to imbibition and cold-moist stratification.  The 

possibility of this requirement was investigated due to a known pattern of incomplete 

embryo development in the Apiaceae (Robinson 1954).  In an investigation of 39 genera 

of the Apiaceae, Martin (1946) found that 34 exhibited some form of incomplete embryo 

development.  Dormancy resulting from a rudimentary embryo is known as 

morphological dormancy (Baskin and Baskin 1998).  This form of dormancy is known to 

be relieved with after-ripening (Robinson 1954).  However, the lack of a requirement for 

any after-ripening prior to imbibition in Lomatium cookii does not rule out the possible 

presence of rudimentary embryos.  Embryo growth and dormancy breaking may occur 

simultaneously during cold-moist stratification (Baskin et al. 1992).  Additionally, daily 
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maximum temperatures in the month prior to seed collection were 26.2º C in the Illinois 

Valley and 25.1º C in the Rogue Valley (OCS 2008).  It is quite possible that sufficient 

after-ripening for embryo maturation occurred prior to seed collection, alleviating any 

possible morphological dormancy. 

 The inconsistency between years in germination rates highlights the common 

occurrence of inter-annual variation in seed viability.  Such variation may be part of a 

survival strategy to encourage germination when conditions are optimal for seedling 

establishment (Giménez-Benavides et al. 2005).  Interannual variation in seed viability 

may also result from weather and resource conditions during growth, flowering, and seed 

development (Houle 1994).  The obvious difference between the two seed source 

population centers is one of mineral nutrition of the soil.  Inter-annual fluctuations in 

nutrient acquisition by the mother plant, length of growing season, light quality, 

competition, hormones, physiological age of the plants, and position of seed on the 

mother plant all contribute to seed preconditioning and subsequent germination rates 

(Baskin and Baskin 1998).  It is quite likely that one or more of these factors is 

responsible for the interannual variation in seed germinability observed in this study. 

 

Growth studies 

 Investigations of the interactions between seed source, growth media, and 

fertilizer regime indicated that the response of different seed sources is contingent upon 

the substrate and fertilizer regime.  Rogue Valley plants had consistently higher survival, 

flowering, height, and biomass when grown in their native soil with monthly 

supplemental fertilizer than in any other treatment combination.  An exception to this is 

survival after the first growth cycle, which was not dependent upon fertilizer regime.  

Illinois Valley plants were taller, had more biomass, flowered more frequently, and had a 

higher survival rate in Rogue Valley soil with monthly fertilizer additions than in their 

native soil or either nursery mix.  Overall, Illinois Valley soil yielded shorter plants with 

lower biomass and decreased odds of survival from both Illinois Valley and Rogue 

Valley seed. 

 The improved performance in Rogue Valley soil of plants from both seed sources 

suggests that Rogue Valley soil provides more supportive growing conditions for 
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Lomatium cookii than any of the other substrates examined.  This result is consistent with 

that of a cultivation protocol for Lomatium utriculatum, in which Hunt et al. (2006) found 

that heavier native soils supported more productive above and below-ground growth than 

did potting soils.   However, in the case of Lomatium cookii, the two native soils yielded 

different results.  This difference may have arisen due to numerous factors.  Those factors 

of a chemical and biological nature will be considered here.   

The Rogue Valley soil used in this experiment has higher levels of nitrogen, 

phosphorus, potassium, and calcium and lower chromium, nickel, cobalt, and magnesium 

than Illinois Valley soils (see Chapter 2).  The relatively low macronutrient and high 

heavy metal concentrations in the Illinois Valley soil are quintessential characteristics of 

soils of ultramafic parentage (Kruckeberg 2002, Brady et al. 2005).  Such characteristics 

create a challenging chemical environment for many plants, often manifested in the form 

of increased dwarfism (Kruckeberg 1984, 2002, Cooke 1994, Brady et al. 2005).  

Nutrient pools in ultramafic soils are sparse, with plants often exhibiting increased 

root:shoot ratios to facilitate sufficient nutrient uptake (Brady et al. 2005).  While neither 

soil enhanced survival rates after the first season of growth, after the second season, 

survival in Rogue Valley soil outpaced that of Illinois Valley soil.  It is possible that, due 

to sparse nutrient pools in the ultramafic soil, many of the available soluble ions were 

utilized in the first season of growth, leaving little for a second growth cycle.  This 

contention is supported by differences between fertilization regimes, in which there was a 

positive interaction effect between Illinois Valley soil and supplemental fertilization on 

the probability of survival. 

A potential biological factor affecting the differential survival of plants in Rogue 

Valley and Illinois Valley soil is the presence of mycorrhizal symbionts.  Mycorrhizal 

fungi perform several important functions that benefit their plant partners, including 1) 

increasing the active area of the root zone, 2) improving water and nutrient absorption, 

and 3) increasing a plant’s ability to tolerate stressful edaphic conditions such as high 

temperatures and high metal or magnesium concentrations in the soil (Alexopoulos et al. 

1996).  Mycorrhizal fungi form partnerships with the majority of vascular plant species 

(Smith and Read 1997).  Arbuscular mycorrhizae have been documented in Lomatium 

grayii (Pendleton 1981) and Lomatium martindalei (Trappe personal communication), 
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and are known to be prevalent in serpentine grasslands (Cumming and Kelly 2007).  Such 

partnerships may aid in overcoming edaphic challenges in ultramafic environments by 

increasing plant tolerance to metals (Meharg and Cairney 2000). 

Differences may exist between mycorrhizal communities of serpentine and non-

serpentine habitats.  In a study of ectomycorrhizal symbionts of Quercus garryana in 

southwest Oregon, Moser et al. (2005) concluded that mycorrhizal communities of oaks 

do not differ between serpentine and non-serpentine substrates.  In contrast, Panaccione 

et al. (2001) found a lower diversity of mycorrhizae on a serpentine outcrop in Virginia 

than on adjacent non-serpentine soils.  These results suggest that no general conclusion 

can be made about the relative abundance of mycorrhizae on ultramafic versus non-

ultramafic substrates.  While mycorrhizae may play a role in increased survival of 

Lomatium cookii on Rogue Valley soils versus those of the Illinois Valley, further studies 

are needed for clarification. 

Results from examining the effectiveness of nursery media indicate that Sunshine 

Grow Mix (SB40) was not an effective substrate for growth in the first experiment.  

Survival rate was 4.6% after the first growth cycle, much lower than in any other 

substrate.  As a result of this massive dieback, plants samples were submitted to the 

Oregon State University Plant Clinic, where they tested positive for the presence of 

Pythium and Fusarium, common plant pathogens known to cause seedling dieback.  The 

performance of L. cookii seedlings in the SB40 potting mix may be attributed to the 

presence of these pathogens.  However, while this is certainly partly responsible for low 

survival, it cannot be ignored that plants were randomly arranged on the greenhouse 

benches and those in other substrates suffered much less dieback.  It is clear that the 

ability of seedlings to resist disease was correlated with the SB40 potting mix.  This may 

have resulted from compromised plant mineral nutrition (Huber and Graham 1999), a 

likely explanation for the difference in survival between substrates. 

 To investigate this possibility, a second experiment using the two nursery media 

was conducted with four different levels of fertilization.  While plants in SB40 did show 

increased survival when compared to the first experiment, odds of survival in 3:3:2 still 

exceeded those of SB40 when subjected to different fertilization regimes.  The greatest 

survival odds were achieved in 3:3:2 nursery mix with biweekly fertilization for Rogue 
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Valley seeds and in 3:3:2 nursery mix with monthly fertilization for Illinois Valley seed.  

Weekly fertilization resulted in lower survival probability overall and shorter Illinois 

Valley plants when grown in SB40.  The leaf chlorosis and wilting, slow growth, and 

death of seedlings in weekly fertilization regimes are signs of overfertilization (Moorman 

2008).  This result emphasizes the need for a moderate fertilization regime when growing 

L. cookii. 

Reasons for the difference in survival between potting media are unclear.  The 

major components of SB40 are coarse fir bark, peat moss, and perlite (Sun Gro 

Horticulture 2008).  It is the standard growing media used for most applications in the 

Oregon State University greenhouses.  Both substrates shared perlite as an ingredient, a 

heat-expanded siliceous rock with good aeration and water-retention capacity.  It is 

unlikely that perlite is related to reduced survival performance of L. cookii in SB40 

nursery media.  The 3:3:2 nursery mix utilized coir fiber as an organic matter additive 

and water holding agent instead of the peat moss found in SB40.  Coir fiber has 

antibacterial and antifungal qualities and is less likely to harbor pathogens than other 

potting media (Handreck 1993).  It is possible that the presence of coir fiber in the 3:3:2 

mix (and in the native substrates of the first experiment) contributed to the disease 

resistance capabilities of the resident plants or provided a lower pathogen inoculum level 

than the SB40 .  Additionally, a mélange of fir bark and peat moss can have a very low 

pH.  The pH of Douglas-fir bark ranges from 4.0 to 5.0 when fresh and from 3.7 to 4.4 

when aged for seven months (Baumscha et al. 2007).   The pH of peat moss varies based 

on source, but is usually near 3.5 (Stoffella and Kahn 2001).  Substrate pH is a significant 

factor affecting nutrient availability (Altland and Baumscha in press).  Coconut coir fiber 

has a higher pH than peat and Douglas-fir bark, ranging from 5.6 to 6.9 (Evans et al. 

1996).  The pH of the native soils where L. cookii grows is from 6.0 to 6.5.  While the 

bark and peat mixture did contain lime and gypsum for pH balance, it is possible that 

low-pH pockets still exist in the medium, creating growing conditions that are less than 

optimal.   

 

Applications to population reintroduction and augmentation 
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It is clear that Rogue Valley seed should be grown in a substrate with a high 

concentration of native soil and moderate (monthly in this case) fertilizer application.  

While optimal fertilization regimes were established for nursery media, survival in Rogue 

Valley soil was significantly greater than that of either nursery medium.  Survival after 

two growth cycles was also higher in Rogue Valley soil for Illinois Valley plants.  A 

clear trend that arose through these growth experiments was the ability of Illinois Valley 

seed, an inhabitant of low-fertility ultramafic substrates, to capitalize upon increased 

nutrition.  This gives rise to a valuable question with restoration applications:  Since L. 

cookii from ultramafic soils grows larger and has a higher probability of survival and 

flowering on non-ultramafic soils, should greenhouse transplants be grown on non-

ultramafic soils?  How will increased mineral nutrition in the greenhouse affect the 

probability of survival and reproduction of field transplants on ultramafic substrates? 

The preconditioning of ultramafic plants to increased nutrient availability in the 

greenhouse may induce transplant shock upon reintroduction to soils of low-nutrient 

status and high heavy metal concentration.  Transplant shock can induce shoot mortality 

upon transplantation and thus thwart restoration efforts (Hughes and Stachowicz 2004).   

Conversely, it is possible that increased mineral nutrition will help the transplant 

to survive longer in nutrient-limited substrates until root growth is sufficient to support 

the plant through local nutrient pools.  Timmer (1996) found that exponential nutrient 

loading, a practice in which high dose fertilization was consistently provided to container 

seedlings of Pinus resinosa, increased survival upon field planting.  However, I have 

demonstrated that excessive fertilization in nursery media decreases the probability of 

survival in Lomatium cookii.  Given the lowered nutrient status of ultramafic soils, it is 

likely that moderate fertilization in container plants of Lomatium cookii from ultramafic 

sites will provide sufficient nutrients to aid in establishment upon outplanting.  Field 

transplant studies with Illinois Valley plants grown in both serpentine and non-serpentine 

soils are necessary to determine the existence of preconditioning, transplant shock, and 

the optimal substrate for greenhouse growth. 

 

Literature Cited 



    

    

75
Affolter, J.M. 1997. Essential role of horticulture in rare plant conservation.  HortScience 

32:29-34. 
 
Alexopoulos, C.J., C.W. Mims, and M. Blackwell. 1996. Introductory Mycology, 4th 

edition. John Wiley & Sons, Inc., USA. 
 
Altland, J. and G. Baumscha. In press. Nutrient availability from douglas-fir bark in 

response to substrate pH.  HortScience. 
 
Barrett, S.C.H., and J.R. Kohn. 1991. Genetic and evolutionary consequences of small 

population size in plants:  implications for conservation.  Pages 3-30 in D.A. Falk and 
K.E. Holsinger [eds.]. Genetics and Conservation of Rare Plants. Oxford University 
Press, New York. 

 
Bartow, A.L. 2003. Propagation protocol for production of container Lomatium nudicaule 

Pursh plants. Corvallis Plant Materials Center, Corvallis, Oregon. In: Native Plant 
Network.  www.nativeplantnetwork.org. University of Idaho, College of Natural 
Resources, Forest Research Nursery. Accessed May 24, 2006. 

 
Baskin, C.C., E.W. Chester, and J.M. Baskin. 1992. Deep complex morphophysiological 

dormancy in seeds of Thaspium pinnatifidum (Apiaceae). International Journal of 
Plant Science 153:565-571. 

 
Baskin, C.C. and J.M. Baskin. 1998. Seeds: Ecology, Biogeography, and Evolution of 

Dormancy and Germination. Academic Press, San Diego. 
 
Baumscha, M.G., J.E. Altland, D.M. Sullivan, D.A. Horneck, and J. Cassidy. 2007. 

Chemical and physical properties of douglas fir bark relevant to the production of 
container plants. HortScience 42:1281-1286. 

 
Bewley, J.D. and M. Black. 1982. Physiology and biochemistry of seeds in relation to 

germination. Volume 2: Viability, Dormancy, and Environmental Control. Springer-
Verlag, Berlin. 

 
Brady, K.U., A.R. Kruckeberg, and H.D. Bradshaw, Jr. 2005. Evolutionary ecology of 

plant adaptation to serpentine soils. Annual Review of Ecology, Evolution, and 
Systematics 36:243-266. 

 
Brock, R. 1987. The ecology of Lomatium cookii:  an endangered species of the Rogue 

Valley, Oregon.  Unpublished report to The Nature Conservancy, Portland, Oregon. 
 
Cech, R. 2002. Growing At-risk Medicinal Herbs: Cultivation, Conservation, and 

Ecology. Horizon Herbs Publications, Williams, Oregon. 
 
Cooke, S.S. 1994. The edaphic ecology of two western North American composite 

species. Ph.D. Dissertation. University of Washington.   

http://www.nativeplantnetwork.org/


    

    

76
 
Constance, L. 1993. Apiaceae. Pages 136-157 in Hickman, J.C. [ed.]. The Jepson 

Manual. University of California Press, Berkeley, California. 
 
Cresswell, G.C. 1992. Coir dust – a viable alternative to peat? Pages 1-5 in Proceedings 

of the Australia Potting Mix Manufacturers Conference, Sydney, Australia. 
 
Cumming, J.R., and C.N. Kelly. 2007. Pinus virginiana invasion influences soils and 

arbuscular mycorrhizae of a serpentine grassland. Journal of the Torrey Botanical 
Society 134:63-73. 

 
Evans, R., S. Konduru, and R.H. Stamps. 1996. Source variation in physical and chemical 

properties of coconut coir dust. HortScience 31:965-967. 
 
Field, A. 2005. Discovering Statistics Using SPSS (and Sex, Drugs and Rock’n’roll), 

Second Edition. Sage Publications, Thousand Oaks, California. 
 
Giménez-Benavides, L., A. Escudero, and F. Pérez-García. 2005. Seed germination of 

high mountain Mediterranean species: altitudinal, interpopulation, and interannual 
variability. Ecological Research 20:433-444. 

 
Guerrant, E.O Jr. 1996. Designing populations: demographic, genetics, and horticultural 

dimensions. Pages 171-201 in D.A. Falk, C.I. Millar, and M. Olwell [eds.]. Restoring 
Diversity. Island Press, Washington, D.C. 

 
Guerrant, E.O. and T.N. Kaye. 2007. Reintroduction of rare and endangered plants: 

common factors, questions and approaches. Australian Journal of Botany 55:362-270. 
 
Handreck, K.A. 1993. Properties of coir dust, and its use in the formulation of soilless 

potting media. Communications in Soil Science and Plant Analysis 24:349-363. 
 
Houle, G. 1994. Spaciotemporal patterns in the components of regeneration of four 

sympatric tree species – Acer rubrum, A. saccharum, Betula alleghaniensis, and 
Fagus grandifolia. The Journal of Ecology 82:39-53. 

 
Huber, D.M. and R.D. Graham. 1999. The role of nutrition in crop disease resistance and 

tolerance to diseases. Pages 169-177 in Z. Rengel [ed.]. Mineral Nutrition of Crops:  
Fundamental Mechanisms and Implications. Haworth Press, Philadelphia, 
Pennsylvania. 

 
Hufford, K.M. and S.J. Mazer. 2003. Plant ecotypes: genetic differentiation in the age of 

ecological restoration. Trends in Ecology and Evolution 18:147-155. 
 
Hughes, A.R. and J.J. Stachowicz. 2004. Genetic diversity enhances the resistance of a 

seagrass ecosystem to disturbance. Proceedings of the National Academy of Sciences 
of the United States of America 101:8998-9002. 



    

    

77
 
Hunt, J.W. R.D. Boul, M.R. Brown, D.A. Koenig, M. Leigh, and J.C. Pushnik. 2006. 

Propagation protocol for production of container Lomatium utriculatum Nutt. Ex 
Torr. & A.Gray plants. CSU, Research Foundation, Chico, California. In: Native 
Plant Network.  www.nativeplantnetwork.org. University of Idaho, College of 
Natural Resources, Forest Research Nursery. Accessed May 24, 2006. 

 
Kagan, J. 1984. Habitat management plan for Lomatium cookii (Cook’s desert-parsley) in 

the Illinois Valley, Josephine County, OR. Unpublished report of the Oregon Natural 
Heritage Database. Portland, Oregon. 

 
Kagan, J. 1986. A new species of Lomatium (Apiaceae) from southwestern Oregon.  

Madroño 33:71-75. 
 
Kaye, T.N.and K. Kuykendall. 2001. Germination and propagation techniques for 

restoring rare pacific northwest prairie plants. Pages 213-224 in S.H. Reichard, P.W. 
Dunwiddie, J.G. Gamon, A.R. Kruckeberg, and D.L Salstrom [eds.].  Conservation of 
Washington’s Native Plants and Ecosystems.  Washington Native Plant Society, 
Seattle, Washington. 

 
Keller, M., J. Kollmann, and P.J. Edwards. 2000. Genetic introgression from distant 

provenances reduces fitness in local weed populations. Journal of Applied Ecology  
37:647-659. 

 
Kruckeberg, A.R. 1984. California Serpentines: Flora, Vegetation, Geology, Soils, and 

Management Problems. University of California Press, Berkeley. 
 
Kruckeberg, A.R. 2002. Geology and Plant Life: the Effects of Landforms and Rock 

Types on Plants. University of Washington Press, Seattle, Washington. 
 
Martin, A.C. 1946. The comparative internal morphology of seeds. American Midland 

Naturalist 36:513-660. 
 
Maunder, M. 1992. Plant reintroduction: an overview. Biodiversity and Conservation 

1:51-61. 
 
Meharg, A.A. and J.W.G. Cairney. 2000. Coevolution of mycorrhizal symbionts and their 

hosts to metal-contaminated environments. Advances in Ecological Research 30:69-
112. 

 
Moorman, G.2008. Plant disease facts: overfertilization of potted plants. The 

Pennsylvania State University Cooperative Extension.  http://www.ppath.cas.psu.edu/ 
EXTENSION/PLANT_DISEASE/pdf%20Flowers/Over-fertilization.pdf. Accessed 
on March 4, 2008. 

 

http://www.nativeplantnetwork.org/
http://www.ppath.cas.psu.edu/


    

    

78
Morse, L.E. 1996. Plant rarity and endangerment in North America. Pages 7-22 in D.A. 

Falk, C.I. Millar, and M. Olwell [eds.]. Restoring Diversity. Island Press, 
Washington, D.C. 

 
Moser, A.M., C.A. Petersen, J.A. D’Allura, and D. Southworth. 2005. Comparison of 

ectomycorrhizas of Quercus garryana (Fagaceae) on serpentine and non-serpentine 
soils of southwestern Oregon. American Journal of Botany 92:224-230. 

 
Oregon Climate Service (OCS). 2008. Climate data archives. www.ocs.orst.edu.  

Accessed January 25, 2008. 
 
Oregon Department of Agriculture (ODA). 2008. Oregon Administrative Rules (OAR) 

603-073-0070. http://arcweb.sos.state.or.us/rules/OARS_600/OAR_603/ 
603_073.html. Accessed March 6, 2008. 

 
Panaccione, D.G., N.L. Sheets, S.P. Miller, and J.R. Cumming. 2001. Diversity of 

Cenococcum geophilum isolates from serpentine and non-serpentine soils. Mycologia 
93:645-652. 

 
Parkinson, H. and A. DeBolt. 2005. Propagation protocol for production of container 

Lomatium dissectum (Nutt.) Math. & Const. plants. USDA Forest Service, Rocky 
Mountain Research Station, Boise, Idaho. In: Native Plant Network.  
www.nativeplantnetwork.org.  University of Idaho, College of Natural Resources, 
Forest Research Nursery. Accessed May 24, 2006. 

 
Pelton, J. 1956. A study of seed dormancy in eighteen species of high altitude Colorado 

plants. Butler University Botanical Studies 13:74-84. 

Pendleton, R.L. 1981. Studies on the occurrence of vesicular-arbuscular mycorrhizae: 
examination of natural and disturbed communities of Utah and the Colorado Roan 
Plateau. M.S. Thesis, Brigham Young University. 

Probert, R.J. 1992. The role of temperature in germination ecophysiology. Pages 285-325 
in M. Fenner [ed.].  Seeds: the Ecology of Regeneration in Plant Communities. CAB 
International, Southampton, United Kingdom. 

Reinartz, J.A. 1995. Planting state-listed endangered and threatened plants. Conservation 
Biology 9:771-781. 

Robinson, R.W. 1954. Seed germination problems in the Umbelliferae. The Botanical 
Review 20:531-550. 

 
Skinner, D.M. 2002. Propagation protocol for production of container Lomatium 

triternatum (Pursh.) Coult. & Rose plants. Pullman Plant Materials Center, Pullman, 
Washinton.  In: Native Plant Network. www.nativeplantnetwork.org. University of 
Idaho, College of Natural Resources, Forest Research Nursery. Accessed May 24, 
2006. 

http://www.ocs.orst.edu/
http://arcweb.sos.state.or.us/rules/OARS_600/OAR_603/
http://www.nativeplantnetwork.org/
http://www.nativeplantnetwork.org/


    

    

79
 
Skinner, D.M. 2004. Propagation protocol for production of container Lomatium 

dissectum (Nutt.) Mathias & Constance var. multifidum (Nutt.) Mathias & Constance 
plants.  Pullman Plant Materials Center, Pullman, Washinton. In: Native Plant 
Network.  www.nativeplantnetwork.org. University of Idaho, College of Natural 
Resources, Forest Research Nursery. Accessed May 24, 2006. 

Smith, S.E. and D.J. Read.1997. Mycorrhizal Symbiosis. Academic Press, San Diego, 
California. 

Stoffella, P.J. and B.A. Kahn. 2001. Compost Utilization in Horticultural Cropping 
Systems. CRC Press, Boca Raton, Florida. 

Sun Gro Horticulture. 2008. http://sungro.com.  Accessed February 28, 2008. 
 
Timmer, V.R. 1996. Exponential nutrient loading: a new fertilization technique to 

improve seedling performance on competitive sites. New Forests 13:275-295. 
 
Trappe, J. 2008. Department of Forest Science, Oregon State University.  

trappej@onid.orst.edu. Personal communication on March 5, 2008. 
 
U.S. Fish and Wildlife Service. 2002. Endangered and threatened wildlife and plants; 

Determination of endangered status for Lomatium cookii (Cook’s lomatium) and 
Limnanthes floccosa ssp. grandiflora (large-flowered wooly meadowfoam) from 
southern Oregon. Final Rule. Federal Register 67:68004-68015. 

 
U.S. Fish and Wildlife Service. 2006. Draft Recovery Plan for Listed Species of the 

Rogue Valley Vernal Pool and Illinois Valley Wet Meadow Ecosystems. Region 1, 
Portland, Oregon. 

http://www.nativeplantnetwork.org/
http://sungro.com/
mailto:trappej@onid.orst.edu


    

    

80
Chapter 4 

Conclusions 
 

The conservation and recovery of Lomatium cookii requires an understanding of 

patterns of variation between populations that differ considerably in edaphic conditions.  

The existence of the species on soils of serpentine (ultramafic) origin in the Illinois River 

Valley and non-serpentine parentage in the Rogue River Valley of southwest Oregon 

provided a basis for further investigation of these patterns. 

Chapter 2 demonstrated that the leaf morphology of plants from the two soil types 

differed significantly.  Reciprocal plantings produced individuals with characteristics 

intermediate to those of the natural populations, and differences existed between these 

two intermediate forms.  Floral and fruit morphology and phenology in natural 

populations also indicated a clear difference between plants from different soil types.  

These results suggested that growth form is a reflection of both seed and substrate, and 

that a genotype by environment interaction exists.  Lomatium cookii plants native to 

serpentine substrates are adapted to the unusual soil chemistry, a characteristic revealed 

in the reduced stature on non-serpentine soils and morphological differences from plants 

native to non-serpentine soils.  This reduced growth form is also a direct response to the 

limited nutrient pools in the serpentine soils. 

In considering an effective conservation strategy for Lomatium cookii, the above-

noted variation must be considered.  It is clear that distinct genotypes exist, and that these 

forms are influenced by the substrate on which they grow.  Existing in geographically 

isolated populations, these differences will theoretically only magnify with time and 

persistence on such edaphically divergent terrains.  However, while strong differences 

were noted between the populations examined, inferences to a broad scale are 

unwarranted.  Roughly half of the populations in the Illinois River Valley exist on non-

serpentine soils, and the nature of variation between these and the populations examined 

is unknown.  This makes taxonomic recognition of the observed ecotypic variation 

unwarranted.  However, the lack of taxonomic recognition by no means precludes the 

necessity for the conservation of the observed diversity.  It is this diversity in form (and 

function) in relation to edaphics that may be seen as uniqueness worthy of conservation. 



    

    

81
It then follows that applied management activities will exist in direct reflection of 

this variation.  Population creation and augmentation should be implemented in an 

attempt to support the persistence of L. cookii using the cultivation procedures outlined in 

Chapter 3.  In this process, the patterns of ecotypic variation observed in this study 

should be considered.  Caution should be used if establishing a new population near an 

existing one when parent materials differ dramatically in chemical composition.  

Choosing a seed source and site that are compatible based on our existing knowledge of 

the parent material is essential for genetic integrity and population persistence. 
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APPENDICES
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March 14      April1       April 15 
 
Appendix 1. Seasonal progression of a vernal pool containing Lomatium cookii at the Agate Desert, 2007, photographer: Ian Silvernail. 
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Appendix 1 continued. 
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March 14       March 31       April 14 
 
Appendix 2. Seasonal progression of the south meadow at French Flat, 2007.  Lomatium cookii plants are scattered throughout. 
photographer: Ian Silvernail. 95
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Appendix 2 continued. 
 

96



    

    

97
Appendix 3. Greenhouse activities.  Photographers: Ian Silvernail (photos 1, 3, and 4) 
and Melissa Carr (photo 2). 
 

 
Photo 1: Greenhouse cultivation: first growth cycle, 120 days old. 
 

Photo 2: Greenhouse cultivation: second growth cycle. 
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Appendix 3 continued. 
 

 
Photo 3: Measuring leaf blade width. 
 

 
Photo 4: Unearthed taproots.
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Appendix 4. Field work pictures.  Photographer: Ian Silvernail. 
 

 
Photo 1: Carrie and Bernie Silvernail gather phenology data at French Flat on the wettest 
day of the field season. 
 

 
Photo 2: Elias Silvernail collects seed at the Jackson County Airport. 
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Appendix 5. Protocols for the germination and greenhouse growth of Lomatium 
cookii. 
 
Task Specific Actions 
Seed germination • Collect seed.  No dry after-ripening treatment is 

necessary prior to imbibition. 
• Place seeds on filter paper in a petri dish or 

other container. 
• Saturate filter paper.  A small amount of 

standing water above the filter paper is 
acceptable. 

• Place seeds in darkness at 4 °C for 12 weeks of 
cold-moist stratification. 

• Check periodically and remoisten if necessary. 
• After 12 weeks, remove seed from cold-moist 

stratification and place in room-temperature 
environment.  It is fine to leave the seeds in the 
4 °C environment for longer than 12 weeks, but 
radicle emergence will occur more rapidly under 
warmer conditions and overall germination 
percentage will not increase with a longer 
period of cold-moist stratification. 

• Up to 90% of the seed may germinate within 2 
weeks of removal from 4 °C. 

• Be aware of potentially lower germination rates 
in seed from serpentine populations than in seed 
from non-serpentine populations. 

• Seed may become covered in a black mold but 
will likely germinate nonetheless. 

• Transplant seeds before shedding of the seed 
coat and emergence of the cotyledons. 

Substrates for growth 
 

• Fill 9-inch deep, 2 7/8-inch square topped pots 
to the top with a 6:3:1 mixture of native soil:coir 
fiber:perlite.  Use serpentine soil for the growth 
of serpentine plants; non-serpentine soil for the 
growth of non-serpentine plants. 

• A higher concentration of native soil appears to 
inhibit effective water drainage when in pots. 

• A smaller concentration of native soil may also 
promote effective growth but has not been 
evaluated. 

• Soilless nursery media do not promote the vigor 
and survivorship seen in mixes containing 
native soil. 

• Tap pot on greenhouse bench to compact soil 
and add more to fill. 
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Transplanting of germinated seeds • Make a small hole in the center of the pot.  The 

hole should be deep enough to accommodate the 
entire length of the emergent radicle. 

• Use forceps to place a seed on the edge of the 
hole so that the radicle extends downward into 
the hole.  Do not drop the seed into the hole. 

• Insert a popsicle stick or tool with similar 
characteristics into the soil approximately 1 cm 
to the side of the hole and press the surrounding 
soil into the hole with the tool so as to make the 
soil come in contact with the radicle on all sides.  
In all cases, be sure that the radicle is 
completely covered with soil. 

• The seed coat does not need to be covered with 
soil.  

Greenhouse cultivation of seedlings • Water seedlings to saturation daily from emerge 
until approximately 60 days of age.  The 
quantity of water applied each time will vary 
with the season, but should be sufficient to 
simulate vernal pool/wet meadow soil moisture 
levels. 

• Mix 60mL of Down to Earth 5-5-5 Liquid 
Fertilizer, 30mL of Maxicrop Liquified 
Seaweed, and 1 gallon of water to be used as 
fertilizer.  Fertilize each seedling with 50mL of 
this mixture once upon emergence and again on 
days 30, 60, and 90. 

• Water moderately (i.e. every 4-5 days) from 60-
120 days of age. 

• After 120 days, water only if absolutely 
necessary.  Restriction of water will stimulate 
senescence of above-ground parts. 

• Do not overfertilize.  It has been shown to 
negatively affect survivorship in soilless nursery 
media. 

Artificial overwintering • Allow all above-ground parts to completely 
senesce and turn brown.  Once all leaf tissue has 
senesced, allow it to sit for at least two weeks in 
a warm greenhouse before simulating winter.  If 
time is not limited, allow plants to sit for up to 
two months in the warmth.  A longer period 
may be fine as well, but has not been evaluated.  
The goal is to simulate the long, hot summer 
when plants are dormant. 

• When the taproots have been in a warm 
environment for a sufficient period of time, 
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water to saturation, allow to drain for a day, 
place plants in trays, wrap trays in plastic, and 
place trays in a 4 °C environment. 

• If space is limited and outplanting is to occur 
when the overwintering period is completed, 
taproots can be unearthed and packed in moist 
coir fiber prior to placement in the cold. 

• Leave taproots in the cold for approximately 60 
days.  Check weekly after 40 days to monitor 
for reemergence. 

Overall timeline • Germination: 12-14 weeks 
• Growth and senesence: 15-25 weeks, largely 

dependent on watering regime 
• Overwintering: 6-8 weeks 
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