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Rare plant reintroductions are a critical conservation tool for the augmentation of
diminishing populations, or re-establishment of extirpated populations. Analysis of
reintroduction failures suggests that a sophisticated understanding of species biology,
ecology, and habitat is essential for producing self-sustaining rare plant populations. This
study sought to generate that background knowledge for the declining rare perennial
Rorippa columbiae (Brassicaceae), to improve the likelihood of success for future
reintroduction efforts. Specifically, this research aimed to develop germination and
propagation protocols for the production of ex situ material, and to quantify in situ habitat
attributes to inform appropriate reintroduction site selection. Laboratory experiments
were conducted to evaluate the influence of light exposure, cold stratification duration,
temperature regime, and source site on optimal R. columbiae germination. Results
revealed that R. columbiae seeds require light and a higher temperature regime to
germinate successfully, and do not require cold-moist stratification to break dormancy.
Source sites produced significantly different germination responses. A factorial
greenhouse experiment examined optimal propagation requirements by measuring the
effect of propagule type, substrate type, and source site on R. columbiae emergence, and
vegetative and reproductive growth characters. Models demonstrated that rhizome
propagules and LA4 nursery grow mix consistently produced the highest emergence and
growth measures. Genetic divergence between source sites was demonstrated in a
common garden analysis, and a reciprocal transplant analysis showed no evidence of
home-site advantage, indicating response variation cannot be attributed to adaptation. An

observational field study assessed population health, landscape, soil, and biological
community attributes associated with occupied patches of R. columbiae in southern
Oregon. The population health assessment showed significantly different population sizes
among extant populations, and a positive correlation between population size and
vegetative and reproductive growth metrics. Though values of measured attributes varied
considerably in R. columbiae habitat, when habitat associated with R. columbiae presence
and absence were compared, the majority of variables exhibited no significant
differences. Exceptions included an association between large, high performing R.
columbiae populations and lower elevation, a lower percentage cover of bare ground, and
lower calcium, magnesium, and potassium concentrations. Extant populations appeared
associated with lower calcium concentrations, higher iron concentrations, and a higher
percentage cover of bare ground and native forbs. These attribute associations signaled
potential habitat preferences for future Rorippa columbiae modeling and reintroductions.
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CONSERVATION OF RORIPPA COLUMBIAE
Chapter 1: Introduction

Rare Species Reintroductions
Unprecedented efforts to conserve rare plant species are underway in western
states, catalyzed by the ongoing and accelerating loss of biological diversity (Falk et al.
1996; Ricketts et al. 2005; Thuiller 2007), and by species recovery requirements of the
Endangered Species Act and related agency regulations (McDonald 1996). There is
widespread agreement among conservationists that in situ species and habitat protection
strategies are of primary importance for imperiled plant populations (Maunder 1992;
Guerrant et al. 2004; Menges 2008). However, plant reintroduction from ex situ material
has emerged as a critical new tool, capable of further enhancing recovery opportunities
for rare, threatened and endangered species (Akeroyd and Wyse Jackson 1995; Guerrant
and Kaye 2007; Menges 2008; Guerrant 2012). There is momentum in scientific and land
management communities to utilize reintroductions, and to more rigorously conduct
projects as scientific experiments to increase species knowledge and long-term viability
outcomes (Maunder 1992; Falk et al. 1996; Pavlik 1996; Guerrant and Kaye 2007;
Seddon et al. 2007; Godefroid et al. 2011; Maschinski and Haskins 2012).
Reintroductions can offer enormous conservation value through the deliberate
establishment of new populations, re-establishment of extirpated populations, or
augmentation of existing populations, by using ex situ rare plant material. For many
species, reintroduction has made the difference between survival and extinction
(Maunder et al. 2000; Guerrant 2012). For others, augmentation has served to improve
the health of declining populations and decrease extinction potential (Maunder 1992).
Reed and Frankham (2003) and Reed (2005) have demonstrated a significant and positive
relationship between population size and fitness. By sufficiently increasing the number
and diversity of individuals in a population, reintroductions can potentially remedy
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common problems for small sized populations. Small populations are inherently more
susceptible to genetic, demographic, and environmental stochasticity, which increases the
likelihood of extinction (Menges 1992; Caughley 1994). Genetic drift and inbreeding
depression are strongly associated with small populations, potentially resulting in a loss
of genetic variation. This erosion of heterozygosity is problematic since the ability of a
population to adapt to novel environmental changes depends on the presence of allelic
variation (Booy et al. 2000). Consequently, it is expected that smaller populations are less
able to adapt to environmental changes, maximize colonizing opportunities, and
ultimately persist (Lande 1988; Barrett and Kohn 1991; Ellstrand and Elam 1993).
Demographic and environmental stochasticities as well as random, large-scale
environmental catastrophes, impact small populations disproportionately. These random
events may reduce population sizes further, with long-term outcomes dependent on
population growth rate as well as the magnitude and frequency of catastrophes (Lande
1993). Increasing the size of rare plant populations through reintroductions can buffer a
species against these stochasticities, potentially effectively countering local extirpations
or overall species extinction (Barrett and Kohn 1991; Maunder 1992). While
reintroductions are not a panacea, and in fact there have been numerous failures (Hall
1987; Guerrant and Kaye 2007; Godefroid 2011; Dalrymple et al. 2012; Maschinski and
Haskins 2012; Guerrant 2012), the emerging scientific study of rare plant reintroduction
has drawn on principles of small populations to develop better methods for reintroducing
plant populations successfully (Guerrant 1996). In addition to the value of reintroduction
for the biological purposes of increasing the prospects of a species’ survival, Guerrant
and Kaye (2007) suggest that thoughtfully designed reintroductions are also valuable for
the evaluation of propagation and outplanting methodologies, investigation of additional
hypotheses about species biology and ecological interactions, and provision of
information to the public and policy makers.
If the goal of plant reintroductions is to establish self-sustaining populations that
survive in the short- and long-term and are functionally integrated into natural
communities (Pavlik 2006; Guerrant and Kaye 2007), Pavlik (1996) argues that
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successful achievement of this goal hinges on knowing and satisfying biological,
ecological and habitat requirements. Falk et al. (1996) adds that reintroductions, more
than any other conservation strategy, require a sophisticated understanding of species
biology and ecology. When deciding whether and how to conduct a reintroduction,
conservationists need to consider breeding systems, reproduction strategy, competitive
ability, pollination, dispersal, seed bank persistence (Godefroid et al. 2011), demographic
and successional relationships, population structure, gene pool dynamics, and
evolutionary resilience (Falk et al. 1996), as well as practical horticultural aspects of
propagating plants (Guerrant 1996; Maschinski and Haskins 2012). Rare plants pose
additional biological challenges such as extremely sensitive pollination, seed
development, and germination and dispersal requirements (Falk et al. 1996). Fiedler and
Laven (1996) posit that knowledge of a species’ habitat requirements needs to precede
reintroduction site selection, and is a critical factor in reintroduction success. Several
studies suggest that previous failures in reintroduction projects were often due to
unsuitable restoration sites (Hall 1987; Fiedler and Laven 1996; Bottin et al. 2007). There
is growing consensus that reintroduction work can best achieve its goals through
thoughtful justification and careful planning, design, and execution, based on the best
possible understanding of biology, ecology, and habitat for the species.
Study Species: Rorippa columbiae
Rorippa columbiae (Suksd. ex B.L. Rob.) Suksd. ex Howell is a low-growing
perennial forb in the mustard family (Brassicaceae), with clusters of small, yellow
flowers on elongated racemes, persistent sepals, and finely hairy features. Though it is a
perennial that re-grows from extensive underground roots and rhizomes each spring, R.
columbiae also behaves like an annual, growing quickly and producing abundant flowers,
fruits, and seeds (Peck 1961; Stuckey 1972; Hitchcock and Cronquist 1973; Baldwin et
al. 2012). R. columbiae inhabits shoreline habitats that are subject to seasonal inundation,
and cycles of substrate saturation and desiccation (Salstrom and Gehring 1994; Kaye
1996). These disturbed, dynamic wetland shorelines occur on the margins of lakes,
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playas, and reservoirs, banks of rivers, streams, and creeks, and edges of roadside,
drainage, and irrigation ditches (Kaye 1996). Older floras (Abrams 1960; Hitchcock and
Cronquist 1973) suggest that the range for the species extends from the Pacific Northwest
as far east and south as Montana, Nebraska, and New Mexico. However, according to
Stukey (1972), this broad range reflects the former distribution of a Rorippa complex
composed of closely-related endemics R. calycina, R. subumbellata, and R. columbiae,
that possibly originated in modern-day Colorado during a more mesic era. Stukey posits
that range expansions occurred toward the Columbia River’s basaltic lava formation (R.
columbiae), toward Lake Tahoe (R. subumbellata), and toward the Yellowstone River (R.
calycina). Formerly misidentified Montana, Nebraska, and New Mexico herbarium
specimens have been determined to be Rorippa calycina, while herbarium specimens
from Washington, Oregon, and northern California are now consistently recognized as
Rorippa columbiae. The current range for the R. columbiae has been reported from as far
north as the Hanford Reach of the Columbia River in Washington, to as far south as
Lassen National Forest in northern California. Extant Rorippa columbiae populations are
clustered into two, discontinuous population centers: the Columbia River Gorge and
Southern Oregon/Northern California (Kaye 1996; Kentnesse 2017).
Rorippa columbiae has experienced significant declines in population numbers
and sizes over the past three decades (Kentnesse 2017). Throughout its range, a recent
wave of local extinctions has occurred. In southern Oregon, five of 19 total R. columbiae
populations were lost in the past 30 years, with one population losing 23 subpopulations.
Of the remaining 14 populations in southern Oregon, four have lost subpopulations. In
the Lower Columbia portion of the Columbia River Gorge, two of nine total populations
have been extirpated in recent years. Stem count declines within extant populations are
also occurring. The most dramatic declines have been seen in the Columbia River
Gorge’s Hanford Reach in Washington. In 1994, the area allegedly hosted “millions of
stems” of Columbia yellowcress (Caplow 2003). Caplow (2003) first reported
“precipitous declines” in R. columbiae population numbers, and recent surveys suggest
approximately 90,000 stems remain in the region (Salstrom et al. 2012). Throughout the
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rest of the range, 12 of 14 (86%) populations in southern Oregon (ORBIC 2016;
Kentnesse 2017), five of seven (71%) populations in the Lower Columbia area
(WNHPDB 2016), and three of seven (43%) populations with adequate data in northern
California (CNDDB 2016) have experienced definitive declines in stem counts since the
early 1980s. Notably, northern California populations have been monitored less
frequently than other regions, providing inadequate data to consistently ascertain
meaningful population trends. In addition to extirpations and declining plant counts,
many populations have very small population sizes, particularly in southern Oregon.
Nearly half of southern Oregon’s populations are composed of less than 50 stems
(ORBIC 2016; Kentnesse 2017).
Rorippa columbiae also faces significant anthropogenic and natural threats to
habitat integrity and species persistence, yet relatively little in situ management of those
threats has been attempted. Cattle trampling and/or grazing have been listed as a top
degradation concern for the species in southern Oregon and northern California.
Exclosures are the primary management tool used to address the threats posed by cattle
activity, and plant populations appear to rebound when exclosures are installed (Kaye
1996). However, a relatively small proportion of sites have installed fencing (Kentnesse
2017). The proliferation of weedy species is another primary threat to all Rorippa
columbiae sites. Invaders possess aggressive strategies to effectively outcompete R.
columbiae above- and below-ground for resources such as water, nutrients, light, and
space. The effects of invasive species on Rorippa columbiae are still not well understood
and control treatments have not yet been attempted, either experimentally or as
management tools (Kentnesse 2017). Other potentially controllable threats to the species
include vegetation encroachment and shading, natural pathogens, recreation, road
maintenance, and hydrological alteration projects; these threats have largely not been
managed (Kentnesse 2017). Kentnesse (2017) suggests that the most urgent
uncontrollable threat to Rorippa columbiae is climate change and water availability.
From the time of the ancient Pleistocene lakes through present, the species has
biologically adapted to fluctuating, seasonally-inundated habitats. The Pacific Northwest
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is expected to experience slightly higher precipitation and significantly higher
temperatures in the near future. Warming temperatures will drive increased rain, earlier
snowmelt, and higher evaporation and evapotranspiration rates, resulting in modified
disturbance regimes and less water availability later in the growing season (Kunkel et al.
2013). Changing climatic patterns will interact with Rorippa columbiae’s reproductive
strategies, phenology, germination ecology, and ecological relationships with pollinators,
herbivores, pathogens and competing vegetative species. These anticipated changes
produce a daunting conservation dilemma since climate-induced habitat changes are
challenging for managers to predict and address. Climate change may catalyze the need
to consider a reintroduction strategy for Rorippa columbiae. Due to its significant
population declines and myriad of threats, R. columbiae is considered a sensitive species
by federal agencies, and is a candidate for listing as threatened or endangered by the State
of Oregon. These status designations have been the impetus for a recent conservation
strategy for the species (Kentnesse 2017), which is intended to spur targeted management
actions to support long term species persistence.
Research Goals and Objectives
The overarching objective of this study was to improve biological, ecological,
horticultural, and habitat knowledge for Rorippa columbiae. The species is not yet in a
justifiable position to pursue reintroduction as threats across the range of the species
remain largely unchecked. However, some sites may soon exhibit rapid declines, and face
imminent and uncontrollable climate change threats. The results of this research will
hopefully serve as preparatory work for future reintroduction plan development.
Chapter Two is concerned with the determination of optimal germination
methods for reintroduction, while continuing to build biological knowledge regarding the
germination ecology of the species. The following questions were considered:
1. What are the effects of light exposure, cold stratification duration, and
temperature regime treatments on Rorippa columbiae seed germination?
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2. Do optimal germination conditions differ between seed source sites?
Chapter Three examines whether Rorippa columbiae can be successfully
propagated and whether an adequate amount of high-quality, healthy, geneticallyappropriate material can be generated for reintroduction. The following questions were
considered:
1. What are the effects of propagule type, substrate type, and source site on Rorippa
columbiae survival, and vegetative and reproductive growth in a greenhouse
setting?
2. If source sites differ in their fitness component effect, does the population
divergence have a genetic basis, and do populations demonstrate an adaptive
home-site advantage?
Chapter Four qualitatively and quantitatively assesses abiotic and biotic niche
attributes for southern Oregon Rorippa columbiae. The purpose of the chapter is to better
understand habitat requirements for future reintroduction recipient site selection success.
The following questions were considered:
1. What is the relationship between southern Oregon Rorippa columbiae population
size and vegetative and reproductive population health metrics?
2. What is the range of values for landscape, soil, and biological community
characters where Rorippa columbiae grows?
3. Do values for landscape, soil, and biological community characters differ between
extant and extirpated R. columbiae sites?
4. Do values for landscape, soil, and biological community characters differ between
R. columbiae occupied and unoccupied transects within a site?
5. Do values for landscape, soil, and biological community characters differ between
high- and low-performing Rorippa columbiae sites?
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Chapter 2: Effects of light exposure, cold stratification duration, temperature
regime, and source site on Rorippa columbiae seed germination

13

Abstract
This study investigated optimal germination requirements for the perennial
Rorippa columbiae, an increasingly rare plant that inhabits the damp drawdowns of
seasonally inundated lotic and lentic ecosystems. Seeds were subjected to a series of
greenhouse and laboratory treatments, and germination responses were tested at four light
levels, five cold stratification durations, and under two fluctuating temperate regimes. All
data were analyzed using logistic regression models. Seeds were shown to possess a
distinct light requirement for germination, and germination increased as light exposure
increased. Seed from the Sprague River Main study site displayed higher germination
rates than Paulina Marsh seed, and the effect of light was shown to depend on seed
source site. The probability of germination was found to be significantly different
between stratified and non-stratified seeds, with non-stratified seeds producing the
highest rates of germination. Cold-moist stratification did not break R. columbiae
dormancy. Alternating temperature regimes strongly affected germination performance,
with seeds subjected to the higher temperature regime (25/15°C) resulting in significantly
higher germination rates compared to those of the lower temperature regime (18/4°C).
The observed variation in germination response among Sprague River Main and Paulina
Marsh source sites appears to be of adaptive significance, related to unique habitat
conditions shaping site-specific optimal germination conditions. It is likely that
successful Rorippa columbiae germination requires the disappearance of seasonallyinundating surface waters, warm summer temperatures or a substrate that absorbs heat
and permits earlier germination, and open, full sun habitats with a low probability of
intense competition.
Introduction
Plant diversity is being lost and habitat degraded at accelerating rates (Falk et al.
1996; Ricketts et al. 2005; Thuiller 2007), and extinctions are expected to rise
dramatically in the coming decades (Pimm and Raven 2000). To address these threats, in
situ ecosystem protection and management interventions continue to be the prioritized,
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foundational conservation tools used by land managers (Falk et al. 1996). In recent
decades, an additional emerging tool has been the reintroduction of species that have
become locally extirpated from their habitat, through the use of ex situ material. Many
projects have demonstrated that reintroductions can result in critically important
outcomes, sometimes making the difference between species survival and extinction
(Rich et al. 1999; Maunder et al. 2000; Vallee et al. 2004; Guerrant 2012). However,
there have also been numerous failed attempts at this conservation strategy (Hall 1987;
Guerrant and Kaye 2007; Godefroid et al. 2011; Dalrymple et al. 2012; Maschinski and
Haskins 2012; Guerrant 2012). The science of reintroduction is young, and many
conservationists are attempting to better define reintroduction success (Pavlik 1996;
Godefroid et al. 2011), understand why failures have occurred, and improve long-term
viability results (Maunder 1992; Guerrant and Kaye 2007; Menges 2008; Maschinski et
al. 2012). One consistently recurring reason for failure is practitioners’ limited
knowledge of basic biology for rare species (Schutz 1997; Bischoff 2002; Holzel and
Otte 2004; Godefroid et al. 2011), including environmental requirements for successful
germination (Falk et al. 1996; Baskin and Baskin 1998).
The germination and establishment of a seedling from seed is a primary goal of
sexually reproducing plant species, yet their success is dependent upon precise spatial
and temporal “safe site” conditions as well as avoidance of environmental threats (Harper
1977). Frequently surrounded by unfavorable environmental conditions such as winter
temperatures and frost, flooding, drought, and competing vegetation, many plant species
have developed dormancy mechanisms to regulate the timing of germination, delaying
germination until the plant detects suitable conditions for seedling success (Baskin and
Baskin 1998; Grime 2001). While the timing of germination is nearly always affected by
light and water requirements of the seed, dormancy regulation is most closely connected
to seasonal temperature cues (Harper 1977; Meyer et al. 1990; Baskin and Baskin 1998),
including temperature regime, diurnal temperature fluctuations, warm or cold
stratification, and other environmental factors (Thompson et al. 1977; Grime et al. 1981;
Baskin and Baskin 1998).
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Dynamic, productive wetland ecosystems are characterized by disturbance and
inundation patterns, providing unique conditions for dormancy mechanism adaptations.
These habitats tend to be flooded in the cool season with varying hydrological flow rates
causing erosion, transport, and deposition of soils, which in turn create temporary open
patches of un-vegetated substrate, offer opportunities for rapid re-colonization by plants,
and alter plant community composition (Keddy and Reznicek 1986; Cronk and Fennessy
2001; Geissler and Gzik 2010). The recession of cool-season inundation typically
coincides with the growing season and warmer temperatures. Summers are often quite
dry and habitat can reflect climatic drought conditions (Cronk and Fennessy 2001). To
avoid threats to seedling recruitment imposed by flooding, drought, disturbance, and
competition, ruderal pioneer species in these environments exhibit specific strategies for
dormancy and germination phenology (Holzel and Otte 2004). Fluctuating temperatures
and an absolute light requirement are commonly recognized as gap-detecting strategies in
moist, frequently disturbed environments (Thompson et al. 1977; Thompson and Grime
1983; Ekstam and Forseby 1999; Schutz 1999). When seeds are buried in soil, beneath
water or under dense vegetation, temperature amplitude is small, and light is reduced or
eliminated (Thompson et al. 1977). Following a gap-creating disturbance that exhumes
seeds and reduces competing vegetation, seed sensitivity to the sudden increase in large
diurnal temperature fluctuations and high light availability can stimulate seeds to
germinate (Thompson et al. 1977; Thompson and Grime 1983). Similarly, following the
drawdown of insulating water, seeds may be prompted to germinate in open, uninsulated
patches (Thompson et al. 1977; Thompson and Grime 1983; Van Assche and
Vanlerberghe 1989; Ekstam and Forseby 1999). Small seeds are particularly associated
with an absolute light requirement for germination, likely having evolved the requirement
due to a higher likelihood of deeper burial (Grime et al. 1981; Venable and Brown 1988,
Baskin and Baskin 1998; Eriksson 2005). Ruderal wetland species also often require a
period of cold-wet stratification followed by increased temperatures to break dormancy,
which aligns germination timing with the spring season (Baskin and Baskin 1988; Schutz
and Rave 1999; Probert 2000). Cold-wet stratification has been regarded as the most
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important dormancy-breaking mechanism for temperate perennial seeds (Baskin and
Baskin 1988; Probert 2000), yet the effects of temperature on seeds are complex, and
seeds of a minority of species do not require cold stratification for dormancy release
(Schutz and Rave 1999; Probert 2000; Kettenring and Galatowitsch 2007).
Rorippa columbiae (Suksd. ex B.L. Rob.) Suksd. ex Howell is a decumbent
perennial that grows along seasonally inundated shorelines in habitats that range from
riparian flood-meadows and depressional marshes to playas and agricultural ditches
(Salstrom and Gehring 1994; Kaye 1996). The taxon reproduces both vegetatively by
rhizome and sexually by seed. The silicle fruits of R. columbiae develop July through
September when mean temperatures range from 31/9°C to 25/4°C depending on the site,
and split open at maturity, releasing and dispersing many tiny seeds during September
through November when mean temperatures range from 25/4°C to 7/-4°C (PRISM
Climate Group 2016). During the following year, R. columbiae seedlings have been
reported to initiate annual, above-ground growth roughly two weeks following the
disappearance of seasonal inundating waters from its habitat (Kentnesse 2017). The
timing of the drawdown event varies by site and by year, though in 2016, most water
disappeared from most southern Oregon sites in approximately mid-June, with seedling
emergence taking place shortly thereafter. The earliest recorded emergence that year was
mid-April at one site, and the latest was mid-July for another site. Average June
temperatures in the region are 24/6°C, and mid-April experiences typical temperatures of
14/-2°C (PRISM Climate Group 2016). Following recruitment and establishment, the
plant matures quickly, often displaying buds and entering anthesis within one month or
less of initial emergence. Fruits follow shortly thereafter, typically within a month of the
flowering start. The phenological window for flowering and fruiting can be relatively
short (1 month total), or persist for considerably longer (3 or more months) (Kaye and
Massey 1991; Salstrom and Gehring 1994; Kentnesse 2017). Local botanists have
suggested that the growing season duration may be primarily related to soil moisture
availability (Kaye et al. 1993; Salstrom and Gehring 1994; Kaye 1996; Kentnesse 2017).
As moisture becomes less available, R. columbiae appears to terminate flowering and
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fruiting, dry out, and begin to die back for winter. By contrast, if soils remain moist
enough to support the species (possibly due to high initial levels of seasonal moisture,
soil type, or summer precipitation events), flowering and fruiting can continue into
September or even October. Though a perennial, Rorippa columbiae often behaves like
an annual (Kaye et al. 1993; Housley 1995; Habegger et al. 2001), producing abundant
flowers, fruits, and seeds relatively soon after germination. The species can produce up to
64 mature seeds per silicle (Stukey 1972), and numerous fruits per ramet (as many as
4,033 in one observed ramet; Kentnesse 2017). These capacities suggest a single ramet
can carry up to 258,000 seeds alone. By contrast, the least fecund populations show
essentially no sexual reproduction. However, most populations do not sexually reproduce
at these extremes (Kentnesse 2017).
Rorippa columbiae seeds are very small (0.7 – 0.9 mm in diameter), typically
ovoid-spheric and flattened, tan-orange in color, and somewhat reminiscent of small
legume seeds (Peck 1961; Stukey 1972; Hitchcock and Cronquist 1973; Baldwin et al.
2012). They are well-adapted for hydrochory, having demonstrated propagule buoyancy,
flotation longevity and post-immersion seed viability (Kentnesse 2017). Gravity is
another primary mode of dispersal, with seed simply dropping out of the dehisced fruit
not far from the parent. It is also possible that some seed is also dispersed via wind due to
low seed mass and size and high average wind speeds in eastern Oregon sites (Kaye and
Massey 1991; Kaye 1996; Kentnesse 2017).
Of southern Oregon’s thirteen extant Rorippa columbiae populations, Paulina
Marsh and Sprague River Main are the two populations that have experienced substantial
stem increases in recent years, while the others have experienced stem declines
(Kentnesse 2017). Paulina Marsh is a roadside ditch habitat in a high desert wetland.
Natural wetlands and flood irrigation fill R. columbiae ditches with seasonal water. The
taxon grows on the ditch slopes among a notably high quantity of vegetative litter,
limited bare ground, low species richness, and low quantity of live graminoids and forbs.
Dominant vegetation includes non-native Alopecurus pratensis and Bromus tectorum.
The site is open and sunny, with minimal shading above the micro-scale (Kentnesse
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2017). The Sprague River Main site is a large, flat floodplain of the Sprague River. It
contains numerous, discontinuous, gentle wet meadow swales and depressions of varying
sizes and depths. The biological community of Sprague River Main consists of a much
higher species diversity than Paulina Marsh, with numerous forbs and grasses in R.
columbiae’s immediate habitat. Non-native grasses dominate the site, with Phalaris
arundinacea likely being the most aggressive and problematic for R. columbiae. The site
is also open and sunny, though the heterogeneity of the community structure and height
of grasses provides a more variable light environment for young Rorippa columbiae
(Kentnesse 2017).
This chapter aims to determine the optimal conditions for Rorippa columbiae
germination with regards to light, cold stratification duration, and temperature regime
requirements, and to determine whether seed source location has an effect on germination
rates for each environmental variable. It is hypothesized that the species possesses an
absolute light requirement. This is true for all studied congeners, including Rorippa
palustris (Klimesova et al. 2004), Rorippa subumbellata (Ingolia et al. 2008), Rorippa
islandica (Matsuo et al. 1984), and Rorippa nasturtium-aquaticum (Biddington and Ling
1983), as well as numerous wetland perennials that occur in seasonally flooded habitats
(Baskin and Baskin 1998). Furthermore, it is hypothesized that Paulina Marsh seed would
germinate more successfully than Sprague River Main seed at very high light exposure
due to its possible adaptation to a more open habitat with low-growing neighbors, and
due to Sprague River Main seeds’ potential adaptation to varied light environments. With
regards to cold stratification duration, it is hypothesized that the species does not require
typical cold stratification to break dormancy, and that it would experience a decreased
germination rate the longer seeds are cold stratified. Closely-related Rorippa
subumbellata experienced decreased germination success when cold stratification
treatments occurred at 5°C for more than a week (Ingolia et al. 2008). It is hypothesized
that temperature regime is a very important factor for R. columbiae germination, with
high temperatures producing the highest germination rates. Rorippa subumbellata
germinated best at the warm temperature of 24°C (Ingolia et al. 2008). Rorippa palustris
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also exhibited a clear preference for warmer temperatures in order to successfully
germinate (Klimesova et al. 2004).
Methods
Seed collection and storage
Two sites were selected for Rorippa columbiae seed collection, one in each of the
taxon’s southern Oregon population centers. Both sites supported healthy, thriving R.
columbiae populations, and were the only southern Oregon sites that experienced stem
count increases in recent years. At the Sprague River Main site in Klamath County, 2,400
total seeds were harvested from three randomly selected genets on September 16, 2015.
Similarly, at the Paulina Marsh site in Lake County, 2,400 total seeds were harvested
from three randomly selected genets on September 17, 2015. Collection was randomized
to avoid bias in plant selection, and plants were situated more than 10 meters apart to
ensure they were genetically distinct individuals. Following collection, seed was
manually cleaned of debris, and only seed that appeared “filled” was selected for
experimental use. Filled seeds, determined by visual assessment, appeared rotund and
inflated in comparison to angular, deflated seeds (which were presumably sterile, due to
lack of embryo development). The experimental seed was then promptly stored in an
office room (with a temperature range of 20 – 25°C) until the initiation of germination
experimentation. Seed was not subjected to a sterilization procedure.
Light regime
On September 25, 2016, 200 Rorippa columbiae seeds were sown in a 200-cell
plug germination tray, which was divided into four experimental treatment sections: 50
seeds in a 100% light treatment, 50 seeds in a 70% light treatment, 50 seeds in a 50%
light treatment, and 50 seeds in a 0% light treatment. The 50% and 70% light treatments
were created by covering that portion of the tray with 50% or 30% shade cloth, which
was raised two inches above the soil surface by a chopstick frame. The 0% light
treatment was created by application of aluminum foil to the assigned tray section. Each
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seed was placed directly onto the damp soil surface in a unique tray cell. Equal numbers
of Sprague River Main- and Paulina Marsh-sourced seeds were used for each light
regime treatment, and were randomly distributed within the experimental tray section.
Four experimental replicate trays were created, using a total of 800 R. columbiae seeds
for the experiment. All germination trays were bottom-watered so as not to disturb the
0% light treatment, and to ensure consistent soil saturation. The experiment was
conducted in a greenhouse with a 14/10-hour light/dark cycle, and daytime temperatures
of approximately 29°C. After a 21-day time period, the number of successfully
germinated seeds were counted for each seed source and each light treatment. Successful
germination was considered shoot visibility for this experiment.
Percent germination was modeled as a function of light exposure treatment and
seed source using logistic regression. Logistic regression analysis was deemed
appropriate to identify treatment effects due to the binary response of the dependent
variable. A full generalized linear mixed-effect model was fit that included interactions as
well as a blocking factor to account for variation. The response of 0% light treatments
consisted entirely of zeros, so that treatment was removed from the underlying data and
the full model was re-fit. All statistical analyses were performed using R statistical
software (R Core Team 2016) via RStudio 1.0.143 (RStudio Team 2016).
Cold stratification and temperature regime
This 2 x 2 x 5 factorial experiment sequentially tested the effects of cold
stratification duration and germination temperature, in addition to seed source. For the
cold stratification portion, 50 Rorippa columbiae seeds were evenly distributed onto a
standard-sized plastic petri dish containing a damp filter paper substrate, which provided
easier germination visibility given the very small seed size. Seeds were oriented as
uniformly as possible so that the degree of contact with the filter paper did not vary. The
petri dish was not wrapped in parafilm since evaporation was not a concern in a 5°C cold
environment. Forty petri dishes were prepared with this protocol from 2,000 Sprague
River Main-sourced seeds, and forty petri dishes were prepared from 2,000 Paulina
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Marsh-sourced seeds. The petri dishes were then placed in a 5°C walk-in refrigerator at
the Oregon State University (OSU) Seed Lab for varying lengths of cold stratification
time: 90, 60, 30, 14, or 0 days. The 5°C temperature was selected as representative of
winter temperatures, and is an optimum chilling temperature for many species (Baskin
and Baskin 1998). The petri dishes were randomly assigned to dark, source site-specific
shoeboxes for the cold stratification duration, to simulate winter burial conditions, control
for light effects on dormancy release, and to clearly define experimental units. Each
shoebox contained ten same-source site petri dishes, two for each cold stratification time
treatment. Petri dish preparation was staggered over time such that the first seeds were
randomly distributed onto 16 petri dishes (8 petri dishes per site source) for the 90-day
treatment, and placed into the 5°C refrigerator. Thirty days later, the next batch of seeds
were plated onto 16 petri dishes for the 60-day treatment, and placed into the 5°C
refrigerator, and so on, such that all cold stratification treatments concluded on the same
date. The 90-day treatment was initiated on February 18, 2016.
Following completion of the cold stratification treatments, the petri dishes were
placed in two diurnal growth chambers, one with an 18/4°C temperature regime in the
OSU laboratory of Dr. Chris Mundt, designed to mimic spring (late April) day/night
temperatures in southern Oregon, and one with a 25/15°C temperature regime at the OSU
Seed Lab, which reflected average summer temperatures (June) at the R. columbiae sites.
All temperatures remained within 1°C of their setting throughout the experiment, and the
chambers were set at a 14/10-hour light/dark cycle. The petri dishes were stacked
together, with stacks generated from each shoebox. Petri dishes were randomly placed
within each stack and evenly distributed in the growth chamber, equidistant from light
sources. The petri dishes were carefully watered as needed to maintain a nearly-identical
moisture environment in each petri dish. Parafilm was used to retain moisture and no
fungicide treatment was used.
Petri dishes were checked periodically throughout the cold stratification treatment
for signs of germination, which was defined by visible radicle emergence. During the
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temperature regime experiment, germination percentage was recorded every 5 days for
the 30 total experimental days, and petri dishes were then restacked in their original
stacks, and randomly re-positioned within the stack. Germination percentage was
determined by counting the number of seeds that germinated in each petri dish and
dividing that number by the total seeds in the dish.
Percent germination was modeled as a function of cold stratification duration,
temperature regime, and seed source using logistic regression. Logistic regression
analysis was deemed appropriate due to the binary response of the dependent variable
and a reduced model without interactions was fit first. Pearson residuals were used to
evaluate dispersion and the model was re-fit using a quasibinomial parameterization to
account for over-dispersion. A second model that included biologically defensible
interactions between temperature and seed source was also fit, but the response variable
of one treatment combination consisted entirely of zeros, precluding estimating the
standard error of relevant coefficients. Therefore, a likelihood ratio test was performed to
examine the significance of the overall effect of the interaction terms. The 0% Paulina
Marsh low temperature treatment was removed from the underlying data and the full
model was re-fit. All statistical analyses were performed using R statistical software (R
Core Team 2016) via RStudio 1.0.143 (RStudio Team 2016).
Results
Light regime
This study demonstrated that light exposure significantly affects seed germination
when compared to dark treatment. The mean log odds of germination increased as light
exposure increased in a logistic regression model (Table 2.1). There was strong evidence
that seeds subjected to the 70% and 100% light treatments experienced higher mean log
odds of germination than 50% light treatment seeds. The model indicated that the mean
log odds of germination for seeds treated with 100% light exposure were 2.74 times
higher (P < 0.0001), and the mean log odds of germination for seeds treated with 70%
light exposure were 0.68 times higher (P = 0.0011) than the mean log odds for 50% light.
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There was also convincing evidence that the mean log odds of germination for Sprague
River Main seeds were 0.77 times higher than for Paulina Marsh seeds (P = 0.0002).
However, when evaluating the interaction between light treatment and seed source site,
the model showed the effect of light depends on site at the 100% light exposure level.
The mean log odds of germination for Sprague River Main seeds experiencing 100%
light were 1.54 times less than for Paulina Marsh seeds with 50% light exposure (P =
0.0003).

Table 2.1. Logistic regression model results for Rorippa columbiae seed germination
under 50%, 70%, and 100% light exposure treatments for Sprague River Main and
Paulina Marsh seeds.
Log Odds
Estimate
(Intercept)
0.04175
Light_70
0.67932
Light_100
2.74016
Site_Sprague
0.77260
Light_70*Sprague
0.18863
Light_100*Sprague -1.53545
Coefficient (𝛽)

Standard Error

t-statistic

p-value

0.19620
0.20818
0.33077
0.21002
0.32319
0.42485

0.213
3.263
8.284
3.679
0.584
-3.614

0.8314
0.0011
<0.0001
0.0002
0.5594
0.0003

**
***
***
***

Averaged across the two collection site sources, 91% (± 2.1%) of seeds
germinated that were exposed to 100% light, 75.5% (± 4.7%) of seeds germinated that
were exposed to 70% light, 60.0% (± 5.8%) of seeds germinated that were exposed to
50% light, and 0% (± 0%) of seeds germinated that were subjected to a dark treatment.
Averaged across light exposure treatments, 80.3% (± 4.2%) of Sprague River Main seeds
and 70.7% (± 6.1%) of Paulina Marsh seeds germinated successfully (Figure 2.1). There
were no visually apparent morphological differences between seedlings in full light and
partial light treatments, with the exception of those exposed to 100% light being further
along in development at 21 days; all seedlings appeared green and healthy.
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Figure 2.1. Effect of light exposure treatments on mean germination of Rorippa
columbiae seeds sourced from Sprague River Main and Paulina Marsh sites. Error bars
indicate standard errors of the means.
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Cold stratification and temperature regime
Temperature regime, seed source site, and cold stratification were shown to
significantly affect Rorippa columbiae seed germination in a logistic regression model
(Table 2.2).

Table 2.2. Logistic regression model estimates of Rorippa columbiae seed germination
under 0, 14, 30, 60, and 90-day cold stratification treatments, high and low temperature
regimes, and Sprague River Main and Paulina Marsh seeds.
Coefficient
(𝛽)
(Intercept)
CS_14
CS_30
CS_60
CS_90
Temp_low
Site_Sprague

Log Odds
Estimate
-2.2423
-0.4202
-0.1920
-0.4729
-0.7512
-2.5886
2.6773

Standard
Error
0.1821
0.1916
0.1883
0.1925
0.1980
0.1575
0.1618

t-statistic

p-value

-12.313
-2.193
-1.020
-2.457
-3.794
-16.431
16.551

<0.0001
0.0315
0.0311
0.0164
0.0003
<0.0001
<0.0001

***
*
*
*
***
***
***

Non-stratified R. columbiae seeds experienced higher mean germination rates
than those subjected to various durations of cold stratification. The data displayed a trend
of decreased germination as cold stratification time increased (Figure 2.2). There was
weak evidence that the mean log odds of germination for non-stratified seeds was
significantly higher than the mean log odds of germination for the 14- and 30-day
treatments (P ≤ 0.06), and strong evidence that the mean log odds of germination for the
non-stratified treatment was significantly higher than the mean log odds for the 60- and
90-day treatments (P ≤ 0.017). The logistic regression model indicated that the mean of
log odds of germination after 90 days of cold stratification was 0.75 times less than the
mean of log odds of germination rates following zero days of cold stratification
treatment. When averaged across temperature regime and source site, 65.0% (± 3.1%) of
non-stratified seeds germinated in comparison to 47.6% (± 2.7%) of stratified seeds.
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Seeds subjected to the higher temperature regime (25/15°C) resulted in
significantly higher germination rates compared to seeds experiencing the lower
temperature regime (18/4°C) (P ≤ 0.0001). The mean log odds of germination in the
higher temperature treatment was 2.58 times that of the low temperature treatment.
Independent of other explanatory variables, an average of 29.4% (± 3.8%) of seeds in the
high temperature regime germinated compared to an average 4.1% (± 0.9%) of seeds
from the low temperature regime.
Sprague River Main-sourced seeds showed significantly higher germination rates
than those from the Paulina Marsh site (P ≤ 0.0001). The mean of log odds of
germination of Sprague River Main-source seeds was 2.68 times higher than that of seeds
from the Paulina Marsh site. Averaged across the other variables, 29.7% (± 3.7%) of
Sprague River Main seeds germinated compared to 3.8% (± 0.7%) of Paulina Marsh
seeds.
The source site results were particularly dramatic and favorable for germination
under the high temperature regime where 51.1% (± 2.7%) of Sprague River Main seeds
and 7.6% (± 1.0%) of Paulina Marsh seeds germinated. In the low temperature regime,
8.2% (± 1.3%) of Sprague River Main seeds germinated and Paulina Marsh seeds were
totally unsuccessful (Figure 2.2).
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Figure 2.2. Summary results of final Rorippa columbiae seed germination as a function
of cold stratification treatment, temperature regime treatment, and source site (replicates
pooled). High temperature regime Sprague River seeds produced the highest germination
rates, and low temperature regime Paulina Marsh seeds were totally unsuccessful. Nonstratified seeds experienced higher mean germination rates than those subjected to
various stratification duration treatments.
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Discussion
Light regime
Rorippa columbiae possesses a distinct light requirement in order to germinate.
Experimental results indicated that the species does not germinate in the dark, and
produces the highest number of germinants in full, unobstructed light. Studied congeners
have produced the same results; R. islandica (Matsuo et al. 1984) R. nasturtiumaquaticum (Biddington and Ling 1983), R. palustris (Klimesova et al. 2004), and R.
subumbellata (Ingolia et al. 2008) all require light for successful germination.
Wetland species that experience seasonal inundation typically possess light
requirements for germination, an adaptation that ensures germination does not occur until
waters are shallow or eliminated, and sufficient substrate gaps have been created (Grime
et al. 1981; Baskin and Baskin 1998; Holzel and Otte 2004). Plants adapted to exploit
light resources in these habitats are also deterred from germination when patches are
densely colonized. An absolute light requirement can ensure germination occurs in a less
competitive environment (Klimesova et al. 2004; Ingolia et al. 2008). Another trait
influencing species responsiveness to light is seed size. Small seeds have often adapted
an obligatory high light requirement to avoid fatal germination below the soil surface
(Pons 2000). It is unsurprising that small-seeded wetland taxa of the Rorippa genus,
including Rorippa columbiae, have developed gap-detecting mechanisms such as an
absolute light requirement to ensure germination occurs in a favorable environment.
It was hypothesized that Paulina Marsh seed would germinate more successfully
than Sprague River Main seed at very high light exposure due to its possible adaptation to
a more open habitat with low-growing neighbors, and due to Sprague River Main seeds’
possible adaptation to varied light environments. On average, the germination rate of
Paulina Marsh seed in full light was higher than Sprague River Main seed, but not
significantly higher. However, at 70% and 50% light Paulina Marsh seeds tended to
germinate at lower rates than Sprague River seeds. These results suggest that Paulina
Marsh seeds may perform best in high light as predicted, however, they are less tolerant
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of shading than Sprague River seeds. This result can be explained by the population’s
habitat which offers very little shading apart from small, low-growing clumps of slender
grasses and the presence of plant litter. The comparative compactness of underlying soil
and lower level of disturbance in the agricultural ditch when compared to the riparian
flood-meadows of Sprague River Main, may further indicate that Paulina Marsh seeds
may be less likely to be annually buried in a seedbank, and more likely to rise and fall
with seasonal water and find a resting place among litter where a higher probability of
exposure to light exists. The Sprague River Main population is more likely to support a
traditional seed bank with its deep, highly permeable soft clay loam soils, and has likely
needed to adapt to heterogenous light environments due the complexity of the community
structure.
Cold stratification and temperature regime
Cold stratification, or the storage of moist seed at cold, winter-like temperatures
(0 – 10°C), often breaks non-deep physiological dormancy in temperate, perennial seeds
(Baskin and Baskin 1988; Schutz and Rave 1999). Cold stratification serves to prevent
autumn and winter germination when seedling recruitment is most likely to fail. For those
species whose primary dormancy is broken by a period of cold-wet stratification,
increasing spring temperatures will coax an increasing number of seeds into nondormancy and germination (Baskin and Baskin 1988; Schutz and Rave 1999; Probert
2000).
Contrary to the typical paradigm, the results of this experiment suggest that
Rorippa columbiae seed germination rates are highest for non-stratified seeds, and that
germination decreases under cold stratification regimes. The longer a R. columbiae seed
is subjected to cold stratification, the poorer its germination outcomes. Moreover, the
experimental seeds exhibited a similar pattern of response across temperature treatments
and seed source. Sister taxon Rorippa subumbellata experienced similar results when
subjected to cold stratification treatments, with decreased germination success when cold
stratification was endured for longer than one week (Ingolia et al. 2008). These results
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suggest that R. columbiae (and other closely-related taxa) do not need to undergo cold
stratification to break dormancy, and that the species may not be strict spring
germinators, which is consistent with phenological field observations. Studies of wild R.
columbiae populations have recorded visible seedling emergence as typically beginning
in June when ambient temperatures average 24/6°C. The earliest recorded Rorippa
columbiae emergence occurred at one site in mid-April (14/-2°C), and the latest has been
documented in July (31/9°C) (Kentnesse 2017). One plausible explanation for the
experimental results is that cold stratification is adaptively beneficial given that seeds are
buried under water during winter and spring months. Immersion effectively prevents
cold-season germination due to the turbidity, light attenuation, cool temperatures, and
hypoxic conditions of wetland waters and soils (Cronk and Fennessy 2001). Germinants
have not been observed on just-exposed moist substrates, supporting the hypothesis that
inundated seeds do not typically germinate for this species. In addition, recession of
seasonal water doesn’t occur until late spring or early summer when air temperatures are
significantly warmer.
Rorippa columbiae does possess a high temperature requirement for successful
germination according to the results of this study. Zero Paulina Marsh seeds germinated
when exposed to temperatures that were too low to be hospitable for germination. When
subjected to 25/15°C and 18/4°C temperature regimes, germination was significantly
higher under the high temperature treatment for both Paulina Marsh and Sprague River
Main seeds.
These results are not surprising. A high temperature requirement is another plant
strategy that effectively delays germination until spring or summer months, is known to
break non-deep physiological dormancy, and is widely regarded as the most important
environmental factor for triggering changes in dormancy states and achieving significant
germination rates (Nikolaeva 1977; Baskin and Baskin 1998). A high temperature
requirement is also a common adaptation in ruderal species (Grime et al. 1981) as well as
in species that occupy mesic habitats such as stream sides, wet meadows, irrigated fields,
and ditches (Baskin and Baskin 1988). The disturbed, mesic habitat of Rorippa
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columbiae consists of periodic open substrate, offering favorable germination conditions
for the pioneer species (Sauer and Struik 1964). An absence of neighboring vegetation
height and density allows R. columbiae seed, and its substrate, direct access to warming
solar radiation. Reduced vegetation also prevents shading, which cools soil temperature.
The seeds of sister species Rorippa subumbellata also exhibit conditional dormancy
broken at high temperatures, and dramatically increased germination rates as temperature
increases. For R. subumbellata, substrates are also open and warm, and Ingolia et al.
(2008) remark that substrate temperatures increase faster than ambient air temperatures
due to the relatively low specific heat capacity of the sandy soils. For R. columbiae, while
some populations’ habitat is composed clay loam textured soils, the majority have a
higher percentage of sand than clay or silt and likely function as a thermal reservoir
supporting seed development. When soils are saturated due to inundation, or in the week
or two following the seasonal drawdown, R. columbiae substrate is likely significantly
cooler. A high temperature requirement may help the species avoid threats to seedling
recruitment imposed by both inundation and competition.
For Sprague River Main seeds, the low temperature treatment did not result in
zero germinants, but it produced very few. High temperatures produced many more
germination successes. This result is typical of conditionally dormant species.
Conditional dormancy is an intermediate physiological state between full dormancy and
non-dormancy, in which a seed is more capable of germinating than a dormant seed, but
not capable of germinating in as wide a range of physical environmental conditions as a
non-dormant seed (Baskin and Baskin 2004). As a seed progresses through the remaining
conditional states to non-dormancy, there is a gradual widening of the temperature range
for successful germination (Baskin and Baskin 1998). In this experiment, Sprague River
Main seed demonstrates the progression through conditional dormancy stages in response
to a change in temperature. Approximately one-third of iteroparous perennials are
conditionally dormant at maturity, and germinate at high temperatures (Baskin and
Baskin 1998), and all studies of Rorippa congeners suggest the genus exhibits conditional
dormancy in response to similar habitat adaptations. Rorippa palustris exhibited 80 to
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100% germination success in 25/10°C, but only 20% germination in a 15/10°C
temperature regime (Klimesova et al. 2004).
There was a significant difference in germination performance between the two
seed source sites in this experiment, particularly for responses to temperature. Sprague
River Main seeds achieved significantly higher germination rates than Paulina Marsh
seeds at both temperatures, though the difference was more pronounced in the high
temperature regime. Small greenhouse pre-trials of both sets of seeds to confirm viability
did not demonstrate a significant difference in source site seed performance. Following
the experimental tests, ungerminated Paulina Marsh seeds were pinched gently with
forceps; they were firm, light-colored, and resistant to collapse. It is unlikely that the
Paulina Marsh seeds contained a higher proportion of unviable seeds. Some fungus
occurred in the petri dishes, but was relatively evenly distributed among the two sources
of seed. A possible explanation for the difference in seed behavior is that Paulina Marsh
seeds may simply have evolved to need slightly warmer temperatures to germinate.
Paulina Marsh habitat has higher average temperatures than Sprague River Main (PRISM
Climate Group 2016), in addition to its comparatively open, sunny, and less vegetatively
competitive characteristics. Paulina Marsh also consists of the sandiest substrate of all
Rorippa columbiae sites, with approximately 80% sand (Kentnesse 2017), which may
serve to retain heat and support warm germination.
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Conclusion
The results of this study have elucidated some of the optimal germination
requirements for Rorippa columbiae. For ex situ propagation purposes, the use of nonstratified seeds in very warm ( > 25/15°C), full-light conditions is the most effective way
to ensure productive R. columbiae germination. While seed lab experimentation results
should be extrapolated to posit ecologically meaningful conclusions only with significant
caution (Baskin and Baskin 1998), it is likely that successful Rorippa columbiae
germination requires the disappearance of seasonally-inundating surface waters, warm
summer temperatures or a substrate that absorbs heat and permits earlier germination, and
open, full sun habitats with a low probability of intense competition. Soil moisture level
and microsite warmth are likely of primary importance for all Rorippa columbiae
populations, whereas shading tolerance is site-dependent. It is recommended that land
managers consider these ecological applications to promote successful sexual
reproduction for the species, and preserve open habitat that meets these characteristics.
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Chapter 3: Effects of propagule type, substrate type, and source site on the ex situ
propagation potential of Rorippa columbiae
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Abstract
This factorial study investigated optimal propagation requirements for the
perennial Rorippa columbiae, an increasingly rare plant that inhabits the damp
drawdowns of seasonally inundated lotic and lentic ecosystems. Three experimental
treatments consisting of four substrate types (Sprague River native mix, Paulina Marsh
native mix, MM840 nursery mix, and LA4 nursery mix), two propagule types (seed and
rhizome), and two source sites (Sprague River and Paulina Marsh) were established in a
greenhouse setting. Measured response variables included emergence, and vegetative and
reproductive growth characters. Data were analyzed using logistic regression, negative
binomial regression, and linear mixed effect models, and pairwise comparisons. The
models demonstrated that rhizome segments consistently produce higher emergence and
growth measures than seed. There was strong evidence that nursery grow mixes
outperform native soil substrates, and LA4 substrate consistently yielded the best results.
However, propagule effect was shown to depend on substrate, and seed produced better
outcomes in native soils. Source site had the weakest predictive effect, though results
showed Sprague River Main-sourced material produced the most vegetative growth on
average, whereas Paulina Marsh-sourced material produced the most reproductive
growth. In a common garden analysis, genetic divergence between Paulina Marsh and
Sprague River Main material was further demonstrated. A reciprocal transplant analysis
showed suggestive evidence that mean growth measures were lower in local “home” soils
and higher in non-local “away” soils, which indicates that there was no evidence of
home-site advantage in a greenhouse setting, and that response variation cannot be
attributed to adaptive forces of natural selection.
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Introduction
Plant diversity is being lost and habitat degraded at accelerating rates (Falk et al.
1996; Ricketts et al. 2005; Thuiller 2007), and extinctions are expected to rise
dramatically in the coming decades (Pimm and Raven 2000). To address these threats, in
situ ecosystem protection and management interventions continue to be the prioritized,
foundational conservation tools used by land managers (Falk et al. 1996). In recent
decades, an additional emerging tool has been the reintroduction of species that have
become locally extirpated from their habitat, through the use of ex situ material. Many
projects have demonstrated that reintroductions can result in critically important
outcomes, sometimes making the difference between species survival and extinction
(Rich et al. 1999; Maunder et al. 2000; Vallee et al. 2004; Guerrant 2012).
The success of reintroductions depends in part upon the success of ex situ
propagation efforts to supply plant material, yet numerous studies report mixed results
from cultivation attempts (Allen 1994; Maunder et al. 2001; Krigas et al. 2010). Projects
with poor responses typically cite a lack of clear understanding of species biology (Allen
1994; Kunz et al. 2014), biotic and abiotic growth requirements (Griffith et al. 1989;
Allen 1994; Barroetavena et al. 1998), growth potential, and effective cultivation
methods (Hall 1987; Reinartz 1995; van Andel 1998; Krigas et al. 2010). By contrast,
commodity-oriented horticultural research is known to more effectively and meticulously
test effects of substrate media, propagule type, irrigation, fertilization, pest management,
and genetic manipulation for desired plant outcomes (Affolter 1997; Dumroese et al.
2009). Many researchers have stressed the need for more rigorous horticultural science to
be applied to greenhouse conservation projects in order to develop a better understanding
of species-specific requirements (Reinartz 1995; Affolter 1997; Maunder et al. 2001),
and to develop effective propagation protocols (Baskin and Baskin 1988; Maunder et al.
2001; Krigas et al. 2010). The results of such studies in applied conservation settings
would inform protocols, and increase the likelihood of producing sufficient quantities of
healthy, vigorous stock for transplant purposes.
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Greenhouse-based conservation experiments can serve an important purpose in
not only furthering a propagation protocol, but also in exploring biological and ecological
questions that inform reintroduction decisions. If the goal of reintroductions is to create
self-sustaining populations, propagation experiments need to consider not only the mass
production of plants to increase species abundance in natural settings, but also how that
material contributes to maintaining or increasing the fitness of the resulting population
following transplantation (Hufford and Mazer 2003; Kiehl 2010).
In order for populations to persist over a long period of time, they must have
sufficient allelic diversity to adapt to novel environmental changes. In the case of
population augmentation projects, the use of propagules from multiple populations for
propagation and transplantation may offer genetic reinforcement to a site through the
introduction of new alleles (Falk et al. 1996; Neale 2012). This boost of genetic diversity
and potential heterosis, particularly if seed is used, may help the recipient population to
avoid or address inbreeding depression and stochastic genetic bottlenecks (Petit et al.
2001). Some studies suggest this mixed source stock method should be used to increase
genetic vigor and transplant establishment success, and that the process of natural
selection will eliminate unsuccessful genotypes over time (Barrett and Kohn 1991;
Guerrant 1996; van Andel 1998).
However, there has been a trend of studies in the past two decades concerned
about the effects of introducing genotypes maladapted to the local environmental
conditions of a restoration site (Vander Mijnsbrugge et al. 2010). Populations are often
specifically adapted to the site or local region in which they grow, resulting in a homesite advantage for offspring (Reinartz 1995; Jones et al. 2001). When obvious
environmental variation occurs at isolated sites and morphological variation is exhibited,
it is particularly likely that plants may be locally adapted variants within the species
(Reinartz 1995; Neale 2012). However, when intraspecific hybridization between local
and non-local genotypes occurs, potential risks to the genetic structure of the population
include founder effects, genetic swamping, and outbreeding depression (Hufford and
Mazer 2003; Vander Mijnsbrugge et al. 2010), which may further reduce overall fitness
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of a population and further endanger its viability (Hufford and Mazer 2003; Edmands
2007). Some argue that these effects reinforce the importance of using single-source,
locally adapted planting stock for most reintroduction or augmentation programs.
Given the scientific interest in evaluating the fitness outcomes of reintroduction
efforts, a resurgence of local adaptation studies has been underway (Gordon and Rice
1998; van Andel 1998; Hufford and Mazer 2003). Common garden studies are a classic
method of growing conspecific propagules from distant populations in the same location
and media, in order to determine whether observed differences in growth metrics have a
genetic basis (Turesson 1922). Reciprocal transplant experiments grow propagules from
distant populations in the other population’s native environment. Reciprocal transplant
experiments go a step beyond the common garden’s detection of intraspecific genetic
variation, and determine whether that variation can be attributed to local adaptation
through selective pressure, in which a population’s propagules perform best in its home
environment (Hall 1932; Clausen et al. 1939, 1940, 1948; Bradshaw 1984).
For each rare species of concern, it is critical that restoration ecologists use these
tools or others to understand the genetic structure of key populations, including
identifying whether populations have developed an adaptive home-site advantage, prior
to engaging in propagation work. While uncertainty still exists as to the effect of mixed
versus single source on the fitness of reintroduced populations (Sackville Hamilton 2001;
Edmands 2007), results of genetic studies can be used to justify stock selection choices
for propagation and transplantation.
Rorippa columbiae (Suksd. ex B.L. Rob.) Suksd. ex Howell is a rare, perennial
forb of the Brassicaceae family that has experienced significant population declines over
the past three decades (Kaye 1996; Kentnesse 2017). In the southern Oregon portion of
its range alone, five of 18 populations have become extirpated, including one population
with 23 subpopulations. Others have lost subpopulations and seen stem count declines;
approximately half of southern Oregon’s populations are now composed of 50 or less
ramets and an unknown number of genetically-distinct genets. These dramatic declines
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offer potential opportunities for reintroduction of ex situ plants to extirpated sites, and/or
augmentation of small populations.
A few small-scale Rorippa columbiae cultivation efforts have occurred over the
last few decades and have generated a little information about the species’ propagation
potential. These efforts have demonstrated that rhizome fragments and wild transplants
establish easily in a greenhouse setting with or without rooting hormone, and grow
vigorously, quickly outgrowing containers (Meinke 2002). Wild plants have also been
established in a few indoor offices and backyard gardening beds with ease (Kentnesse
2017). One identified challenge of cultivation is the susceptibility of the species to fungal
infections. An estimated 30% of the plants grown in the Meinke (2002) study were
affected by powdery mildew, a pathogen commonly associated with brassicaceous crops
and weeds (Koch and Slusarenko 1990; Enright and Cipollini 2007). Despite the mildew
issue, these efforts suggest that the species can likely produce a large number of plants in
a short amount of time for reintroduction purposes.
Rorippa columbiae exhibits considerable morphological plasticity, which may be
suggestive of conspecific genetic differences or significant environmental adaptation.
This hypothesis is reinforced by the significant distance between Sprague River Main and
Paulina Marsh sites and their occurrence in different ecoregions with differing climatic
factors. These two sites exemplify site-specific variation in measurements of vegetative
and reproductive traits (Kentnesse 2017). At Paulina Marsh, Oregon, Rorippa columbiae
can appear almost sub-shrub-like in habit, forming large, mounded plants that can
achieve 1.5 feet in diameter. Sprague River Main, Oregon, plants present as decumbent
perennials of much smaller size. On average, Paulina Marsh produces 176.8 silicles per
plant and 48.1 seeds per silicle (N = 30), whereas Sprague River Main plants produce
55.2 silicles per plant and 27.3 seeds per silicle (N = 30). Average silicle dimensions for
Paulina Marsh R. columbiae are 6.6 x 2.6 mm (N = 30) compared to 4.9 x 1.9 mm (N =
30) at Sprague River Main.
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Paulina Marsh is a roadside ditch habitat in a high desert wetland. Natural
wetlands and flood irrigation fill R. columbiae ditches with seasonal water. The taxon
grows on the ditch slopes among a notably high quantity of vegetative litter, with a low
quantity of bare ground, low species richness, and low quantity of live graminoids and
forbs. Dominant vegetation includes non-native Alopecurus pratensis and Bromus
tectorum. The site is open and sunny, with minimal shading above the micro-scale
(Kentnesse 2017). The Sprague River Main site is a large, flat floodplain of the Sprague
River. It contains numerous, discontinuous, gentle wet meadow swales and depressions
of varying sizes and depths. The biological community of Sprague River Main consists of
a much higher species diversity than Paulina Marsh, with numerous forbs and grasses in
R. columbiae’s immediate habitat. Non-native grasses dominate the site, with Phalaris
arundinacea likely being the most aggressive and problematic for R. columbiae. The site
is also open and sunny, though the heterogeneity of the community structure and height
of grasses provides a more variable light environment for young Rorippa columbiae
(Kentnesse 2017).
This factorial study aims to determine the optimal combination of propagule type,
substrate type, and site source to propagate healthy, vigorous Rorippa columbiae material
for transplantation. It is hypothesized that rhizomatous propagules in nursery potting mix
substrates will produce greater vegetative and reproductive growth due to the known
energy storage function and capacity of rhizomes (Chapin et al. 1990), and the
comprehensive nutrients provided by nursery grow mixes (Dumroese et al. 2009;
Hartmann and Kester 2011). This study also seeks to determine whether trait divergence
has a genetic basis, and whether Rorippa columbiae source sites demonstrate a higher
fitness in local soils when compared to non-local soils. Since morphological and
environmental differences are notable between the two sites, it is predicted that Paulina
Marsh and Sprague River Main source material will show both genetic divergence and
significant local adaptation to home soil.
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Methods
This factorial study examined the effect of propagule type, substrate type, and
source site on Rorippa columbiae survival, and vegetative and reproductive growth. Two
sites were selected for Rorippa columbiae seed collection, one in each of the taxon’s
southern Oregon population centers. At the Sprague River Main site, 200 total seeds were
collected from three plants on September 16, 2015. Similarly, 200 total seeds were
collected from three plants on September 17, 2015 at the Paulina Marsh site. Collection
was randomized to avoid bias in plant selection, and plants were situated more than 10
meters apart to enhance the likelihood of their being genetically-distinct individuals.
Following collection, seed was manually cleaned of debris, and only seed that appeared
“filled” with a healthy embryo was selected for experimental use. Filled seeds were
determined by visual assessment, appearing rotund and inflated in comparison to angular,
deflated seeds. The experimental seed was then promptly stored in an office room with
temperatures of 20 – 25°C until the initiation of propagation experimentation. Rhizome
harvest required the collection of 15 live plants from Paulina Marsh and 15 live plants
from Sprague River Main in mid-September, 2015. These plants were potted in standard
potting soil and grown in an Oregon State University greenhouse for several months to
allow for substantial rhizome growth. After the growth period, small 5-cm segments of
rhizome with similar diameters and visible nodes were harvested from Paulina Marsh
plants, pooled into a tub of water, and then randomly selected for planting. The same was
done for Sprague River Main plants, harvesting 5-cm segments, pooling them, and then
randomly selecting segments for planting.
Rorippa columbiae propagules were planted in four types of growing media: 1) a
6:3:1 mixture of Sprague River Main native soil, pumice, and perlite; 2) a 6:3:1 mixture
of Paulina Marsh native soil, pumice, and perlite; 3) Metro Mix 840 PC (MM840) barkbased nursery potting mix, consisting of Canadian sphagnum peat moss, aged fine fir
bark, dolomitic limestone, perlite, gypsum, and a proprietary wetting agent and starter
nutrient charge; and 4) Sunshine LA4 P (LA4) nursery potting mix, which included
Canadian sphagnum peat moss, screened pumice, dolomitic limestone, perlite, gypsum,
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and a proprietary wetting agent and starter nutrient charge. All containers were filled with
substrate, propagules were planted at a consistent depth just below the soil surface, and
the substrates were thoroughly saturated. A total of 800 4x4-inch square pots were used
for the experiment, with 200 pots of each of the four substrate types, 400 pots of each of
the two source sites’ biological material, and 400 pots of each propagule type, seed and
rhizome. The design resulted in 16 unique treatment combinations with 50 pots per
treatment combination. The pots were randomly distributed into 25 blocks in different
locations throughout the greenhouse in a generalized three-factor randomized block
design in order to minimize external greenhouse effects. Each block held 32 pots, with
two pots from each unique treatment combination.
Rorippa columbiae plants were grown in the greenhouse for 60 total days, from
May 24 to July 22, 2016. Cultivation timing corresponded with dates of seasonal
emergence, growth and anthesis in the field. Plants were watered every few days, and
were permitted to dry in between watering to minimize common fungal and insect
infestations on brassicaceous plants. Periodic aphid, thrip, fungus gnat, and powdery
mildew occurrences were addressed with M-Pede and Safer insecticidal soap treatments,
Amblyseius cucumeris (ABS) sachets, nematode applications, and quartz-sand pot
coverings. Plants were periodically and equitably fertilized as needed with Peters’ 20-2020 slow-release, water-soluble fertilizer. Experimental response variables included
measures of survival, vegetative, and reproductive success. Survival success was
determined by visible seedling emergence above the soil line. Vegetative success was
measured by total ramet number (count of visible stems), total leaf number (count of
number of leaves per pot), and stem height (gently manipulated stem length of the longest
stem). Reproductive success was determined by total flower number. Response variables
were measured and recorded on Days 7, 10, 14, 21, 28, 36, and 60, though not every
response variable was measured at every time-check.
Several different models were used to identify treatment effects and interactions
between variables, and models were selected based upon the type of data analyzed.
Binomial data necessitated the use of logistic regression models for the emergence
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response. Discrete count unit data such as total number of ramets and leaves required use
of a negative binomial regression model. Continuous data such as height and flowers
prompted a linear mixed-effect model for analysis. All models included a random-effects
term and appropriate criteria was optimized. Non-emergent Rorippa columbiae were
removed from models to eliminate the presence of numerous zeroes in the analysis.
Models were fit separately for each response variable by fitting a reduced model without
two- and three-way interactions first. Biologically defensible interactions and interactions
of interest were added when relevant, and analyses were recomputed. Pairwise
comparisons were performed with a two-sample t-test for a common garden analysis of
source site-specific responses in LA4 nursery substrate. Additional linear mixed-effect
modeling was used to analyze reciprocal transplant effects of source site-specific
responses in native soils. “Home” was defined as propagules grown in their own native
soil, and “away” was defined as propagules grown in the other site’s native soil. A power
transformation was used due to skewed distribution of the underlying data, and the
transformed response was used to fit the model. Reciprocal transplant results were
interpreted in terms of median rather than mean response. All statistical analyses were
performed using R statistical software (R Core Team 2016) via RStudio 1.0.143 (RStudio
Team 2016).
Results
Emergence
For successful Rorippa columbiae emergence, only propagule type had a
significant effect at Day 60 (Table 3.1; see page 66). Based on the logistic regression
model, the mean log odds of emergence for seeds were 3.21 lower than that of rhizome
propagules. Neither substrate type nor seed source contributed significantly to the
emergence model. Averaged across substrate type and source site, mean emergence for
rhizomes was 69.8% (±3.6%) and mean emergence for seed was 30.2% (±2.4%) (Figure
3.1). Independent of propagule type and source site, there was no difference in the effect
of substrate type on emergence with LA4 nursery media resulting in 26.2% (±2.2%)
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mean emergence, MM840 media resulting in 24.4% (±2.1%) mean emergence, Paulina
Marsh native soil resulting in 24.2% (±2.1%) mean emergence, and Sprague River Main
native soil resulting in 24.2% (±2.1%) mean emergence. Similarly, source site had no
effect on mean emergence with 49.9% (±3.0%) of Paulina Marsh material resulting in
emergence, and 50.0% (±3.0%) of Sprague River Main material.

Figure 3.1. Emergence of Rorippa columbiae in different treatment combinations of
propagule type, substrate, and source site, over a period of 60 days. Upper row represents
Paulina Marsh source site results, and bottom row represents Sprague River Main source
site results. Columns reflect both substrate variables as well as time.
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Vegetative growth
The three measured vegetative growth traits (total number of ramets, total number
of leaves, and stem height) produced similar model results at Day 60. All three models
indicated that substrate type, propagule type, and source site independently and
significantly affected the probability of vegetative growth (Table 3.1; see page 66). There
was strong evidence that the effect of substrate type, holding other variables constant,
differed between native soil and nursery media treatments. Propagules planted in nursery
grow mix substrates experienced higher means of log ramet counts, log leaf counts, and
height than those planted in native soil substrates. Based on a negative binomial model,
the mean of log ramet counts for nursery substrate-grown propagules was approximately
1.12 higher than that of native substrate-grown propagules (P < 0.0001). Using another
negative binomial model, the mean log odds of leaf counts for nursery media R.
columbiae plants was roughly 0.87 higher than native soil media plants (P < 0.0001). For
height modeling, a linear mixed-effect model showed that the mean growth for nursery
substrates was approximately 12.1 centimeters taller than for native substrates (P <
0.0001).
These vegetative growth models also demonstrated strong evidence that of the
two experimental propagule types, rhizomes experienced higher mean responses than
seeds. The mean log ramet counts for rhizome-originated plants was 1.26 higher than the
mean log ramet counts for seed-originated plants (P < 0.0001). For leaf metrics, the mean
log odds of leaf counts for rhizome propagules was 1.13 more than seed propagules (P <
0.0001). The mean height growth for rhizome-derived plants was 12.52 centimeters taller
than for seed-derived plants (P < 0.0001). Last, source site significantly affected
vegetative growth when holding substrate and propagule types constant. There was
moderate evidence that the mean leaf counts for Sprague River Main sourced material
was 0.10 (P = 0.02397) higher than that of Paulina Marsh material. There was strong
evidence that the mean log ramet and mean height growth for Sprague River Main plants
was respectively 0.43 (P = 0.04318) and 2.37 cm (P < 0.0001) greater than for Paulina
Marsh plants.
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Two of the three models indicated that the effect of substrate type depends on
propagule type for vegetative growth outcomes. A seed planted in Paulina Marsh soil or
Sprague River Main soil has a less negative effect on leaf and height growth than would
be expected of the variable effects alone. Despite mean log leaf count decrease effects
from Paulina Marsh soil and seed individually, the difference in the mean log of expected
leaf counts would be expected to additionally increase by 0.45 for the combination of
Paulina Marsh soil and seed propagules (P =0.00259). Similarly, despite mean log leaf
count decreases in main effects, the difference in the mean log of expected leaf counts
would be expected to increase by 0.77 for seed planted in Sprague River Main soil (P <
0.0001). For mean height growth for seed plants grown in native soils, the difference in
the mean of expected growth would be expected to increase by an additional 8.20 cm for
Paulina Marsh soil and seed propagules (P < 0.0001) and by an additional 11.15 cm for
Sprague River Main soil and seed propagules, despite height declines in individual
effects. For both vegetative responses, seeds grown in MM840 nursery mix performed
significantly worse than seeds grown in either the LA4 grow mix or native soil substrates
(mean log leaf count, P < 0.0001; mean height growth, P = 0.0005). Between native soil
substrates, seeds performed better in Sprague River Main soil for measured vegetative
traits. The source site of the biological material did not significantly interact with other
predictor variables in these models.
With regards to optimal propagation performance, rhizome propagules sourced
from the Sprague River Main site and grown in LA4 grow mix substrate produced the
most vegetative growth on average (Figure 3.2). For the height response specifically,
Sprague River Main rhizomes grown in MM840 substrate performed nearly as well as
those grown in the LA4 grow mix. Seeds grown in MM840 substrate generated
significantly less vegetative growth than seeds grown in native soils for both source sites.
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Figure 3.2. Effect of propagule type, substrate, and source site on Rorippa columbiae
vegetative growth characters, including mean number of ramets, mean number of leaves,
and mean stem height. Red boxplots indicate rhizome propagules, and blue boxplots
indicate seed propagules.
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Reproductive growth
Reproductive growth models predicting total number of flowers indicated a higher
dependence among explanatory variables for successful outcomes compared to vegetative
growth models at Day 60. A linear mixed-effect model demonstrated that propagule type,
substrate type, and source site each significantly affect the probability of reproductive
growth when holding the others constant (Table 3.1; see page 66). The mean number of
flowers for rhizome-originated plants was 120.5 flowers more than for seed-originated
plants (P < 0.0001). The mean number of flowers for Paulina Marsh-sourced plants was
72.8 flowers more than for Sprague River Main-sourced plants (P < 0.0001). Among
substrate types, LA4 grow mix produced plants with the most flowers on average, with
43.2 more flowers than plants grown in MM840 grow mix (P = 0.0081), 72.5 more
flowers than plants grown in Sprague River Main native soils (P < 0.0001), and 94.4
more flowers than plants grown in Paulina Marsh native soils (P < 0.0001), on average.
The model also showed that the two-way interactions between propagule type and
soil, and source site and soil, significantly affected mean reproductive growth (Table 3.1).
Native soils and seed propagules result in decreased mean numbers of flowers, although
their interactions result in a more positive effect. When seed propagules are planted in
Paulina Marsh soil, the difference in expected mean number of flowers increases by 82.6
flowers (P = 0.0039). When seeds are planted in Sprague River soil, the difference in
expected mean number of flowers would be expected to additionally increase by 108.7
flowers (P = 0.0004). There was no evidence of interaction between MM840 nursery soil
and propagule type for reproductive growth. There was evidence that the effect of
substrate type depends on source site. The interactions between these predictive variables
produces a less negative effect than would be expected from individual additive effects.
The difference in mean expected flowers for Sprague River Main material would be
expected to increase by an additional 100.8 mean flowers in MM840 nursery substrate (P
< 0.0001), 69.4 mean flowers in Paulina Marsh soil (P = 0.0027), and 43.2 mean flowers
in Sprague River Main soil (P = 0.0588).
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Overall results indicate that reproductive growth is optimized in a propagation
setting when rhizomes sourced from Paulina Marsh are used, and are grown in an LA4
nursery media substrate.
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Figure 3.3. Effect of propagule type, substrate, and source site on Rorippa columbiae
mean flower production. Red boxplots indicate rhizome propagules, and blue boxplots
indicate seed propagules.
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Table 3.1. Logistic regression, negative binomial regression, and linear mixed-effect
model estimates of Rorippa columbiae emergence, and vegetative and reproductive
growth characters, under propagule type, substrate, and source site treatment
combinations.
Response

Parameter

Estimate

Std. Error

p-value

3.04217
-3.20892

10.352
-13.294

<0.0001
<0.0001

***
***

Mean #
ramets

𝛽0
MM840
PMsoil
SRMsoil
SRMsource
Seed

2.01004
-0.40584
-1.22235
-1.04371
0.42659
-1.25601

0.08300
0.08116
0.09346
0.08987
0.06441
0.08493

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

***
***
***
***
***
***

2.91927
-0.05104
-0.82119
-0.92361
0.10299
-1.12918
-0.89509
0.44643
0.77348

0.05542
0.06758
0.07362
0.07362
0.04562
0.09565
0.16737
0.14821
0.14701

<0.0001
0.45011
<0.0001
<0.0001
0.02397
<0.0001
<0.0001
0.00259
<0.0001

***

Mean #
leaves

𝛽0
MM840
PMsoil
SRMsoil
SRMsource
Seed
MM840*seed
PMsoil*seed
SRMsoil*seed

17.429430
-0.052617
-11.613886
-12.790927
2.373356
-12.520268
-5.271462
8.204269
11.146163

0.6559230
0.7674034
0.8321990
0.8255731
0.4892942
1.0063626
1.5032524
1.4662852
1.4873450

<0.0001
0.9454
<0.0001
<0.0001
<0.0001
<0.0001
0.0005
<0.0001
<0.0001

***

Mean Height
(cm)

𝛽0
MM840
PMsoil
SRMsoil
SRMsource
Seed
MM840*seed
PMsoil*seed
SRMsoil*seed

Emergence
𝛽0
Seed
Vegetative Growth

***
***
*
***
***
**
***

***
***
***
***
***
***
***
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Response

Parameter

Estimate

Std. Error

p-value

189.25447
-43.15049
-94.35976
-72.45738
-72.75447
-120.49756
82.63069
108.71225
100.76649
69.41749
43.20593

13.33539
16.22819
16.48309
16.31193
16.14699
19.45569
28.47154
30.31634
22.57123
23.01454
22.81484

<0.0001
0.0081
<0.0001
<0.0001
<0.0001
<0.0001
0.0039
0.0004
<0.0001
0.0027
0.0588

Reproductive Growth

Mean #
flowers

𝛽0
MM840
PMsoil
SRMsoil
SRMsource
Seed
PMsoil*seed
SRMsoil*seed
MM840*SRMsource
PMsoil*SRMsource
SRMsoil*SRMsource

***
**
***
***
***
***
**
***
***
**
*

Common garden and reciprocal transplant analyses
The pairwise comparison analysis of source site performance differences in a
common LA4 substrate revealed moderate to weak evidence that Paulina Marsh and
Sprague River Main perform differently for vegetative metrics (number of ramets, P =
0.0274; number of leaves, P = 0.0834; height, P = 0.0331), and strong evidence for
reproductive performance differences (P = 0.0005).
For reciprocal transplant analysis using a linear mixed-effect model, the effect of
“home” versus “away” soil depended on source site for vegetative and reproductive
growth (height, P = 0.0572; flowers, P = 0.0304) (Table 3.2). The median height in the
home group was estimated to be 1.873 cm lower than the away group, and the median
number of flowers in the home group was estimated to be 8.23 less than the away group,
though the evidence was suggestive and not significant.

Mean height (cm)
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Figure 3.4. Mean stem height and mean number of flowers of Rorippa columbiae when
grown in local and non-local soils. “Home” indicates propagule is grown in its own
native soil, and “away” indicates propagule is grown in the other site’s soil. Left panel
describes source site-specific responses. Right panel describes combined source site
responses.
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Table 3.2. Linear mixed-effect model estimates of Rorippa columbiae mean height and
mean number of flowers under substrate and source site treatment combinations. Only
Paulina Marsh and Sprague River Main soils and source sites were used in the model.
Transformed output table estimates reflect power transformed data.
Response
Mean height
(cm)
(Original Data)

Mean height
(cm)
(Transformed)

Mean #
flowers
(Original Data)

Mean #
flowers
(Transformed)

Parameter

Estimate

Std. Error

p-value

𝛽0
SRMsoil
SRMsource
SRMsoil*SRMsource

4.476111
1.007605
2.441217
-2.411681

0.4960791
0.6373536
0.6332998
0.8961200

<0.0001
0.1152
<0.0001
0.0076

***

𝛽0
SRMsoil
SRMsource
SRMsoil*SRMsource

2.1116084
0.1689201
0.5501518
-0.493415

0.1421310
0.1836055
0.1824284
0.2581357

<0.0001
0.3585
0.0028
0.0572

***

𝛽0
SRMsoil
SRMsource
SRMsoil*SRMsource

83.66695
28.21942
-16.16725
-30.36277

9.238747
11.197588
11.131153
15.751233

<0.0001
0.0124
0.1477
0.0551

***
*

𝛽0
SRMsoil
SRMsource
SRMsoil*SRMsource

4.700831
0.929548
-0.418936
-1.185690

0.3001271
0.3873306
0.3848508
0.5445634

<0.0001
0.0172
0.2775
0.0304

***
*

***
**

**
*

*

*

Table 3.3. T-test comparison of mean number of ramets, number of leaves, height, and
mean number of flowers for Paulina Marsh and Sprague River Main Rorippa columbiae
material grown in “common garden” LA4 substrate.
Response

PM
Estimate

SRM
Estimate

DF

t-value

p-value

Mean # ramets
Mean # leaves
Mean height (cm)
Mean # flowers

1.228571
13.75714
12.77286
143.8714

1.486111
16.48611
15.98472
86.6250

140
140
140
140

-2.2291
-1.7438
-2.1522
3.5933

0.0274
0.0834
0.0331
0.0005

*
*
*
***
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Discussion
Propagule effect
Rhizomes consistently produced the highest emergence, and vegetative and
reproductive growth measures in each tested treatment combination. All statistical
models indicated strong evidence for significantly better rhizome performance compared
to seed. This result is not particularly surprising. Rhizomes are known for their storage
capacity, accumulating and reserving compounds that can be mobilized to support
biosynthesis for growth or other plant functions (Chapin et al. 1990). Substantial reserves
are often needed to initiate a new plant, and Salisbury (1942) demonstrated that clonal
organs typically allow for larger energy reserves and investment than seeds. A seed’s
reserves are found in its endosperm, which is a reflection of a species’ material and
energetic investment in offspring. This finite quantity of lipids, carbohydrates and
proteins determines possible growth rates as well as the length of time the emerging
seedling can depend on initial reserves (Willson 1983). Larger seeds containing larger
amounts of endosperm can produce seedlings with larger cotyledons and faster growth
when compared to smaller seeds (Gross and Soule 1981; Willson 1983). Given the very
small size of Rorippa columbiae seeds (Kentnesse 2017), this additional factor puts seed
propagules at a further comparative disadvantage. All vegetative growth measures in this
study showed smaller plants and less biomass resulting from seed propagules. The
rapidity of growth is also characteristic of development from perennating organs, which
again, draw on their larger reserves of energy and structural materials (Bradbury and
Hofstra 1976; Al-Mufti et al. 1977; Grime 2001). This growth speed resulting from
rhizome propagules could be seen clearly in the emergence data for this study (Figure
3.1), particularly for those grown in nursery grow mix substrates. Lastly, rhizomes
typically possess compact internodal spacing (< 1 cm in Rorippa columbiae), which
offers multiple opportunities for root and stem shoot production along the length of a
small 5 cm segment. This may additionally help to explain the significant difference in
numbers of ramets and leaves between the two studied propagule types.
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Substrate effect
The improved performance of Rorippa columbiae in nursery substrates for both
Paulina Marsh and Sprague River-sourced plants suggests that nursery mixes provide
more supportive growing conditions for the species than native soil mixes. Sunshine LA4
P (LA4) and Metro Mix 840 PC (MM840) performed similarly when holding other
variables constant for two of four growth responses, and LA4 performed better than
MM840 for the other two measured responses. Both nursery mixes likely contained
optimal physical properties, with a generic helpful balance of porosity, aeration, and
water-holding capacity created by the shared Canadian sphagnum peat moss and perlite
components. By contrast, though the native soils were prepared as a 6:3:1 mixture of
native soil, pumice, and perlite, the bulk density of native soil experimental pots was
notably higher, which may indicate compression and insufficient porosity (Dumroese et
al. 2009). In addition, the native soil was challenging to mix with added components,
resulting in some clumping and uneven distribution within pots. Chemical properties also
likely differed between nursery and native soil substrates. Nursery mixes contained a
starter nutrient charge which may have ensured these pots were not limited by any
nutrient. Heterogenous native soils likely contained higher variability of nutrient
distribution. However, all pots received periodic fertilization beginning at approximately
four weeks, a common timeline for nursery grow mix nutrient depletion. For those
growth measures where there was evidence of a difference between propagule
performance in LA4 and MM840 substrates, these results may also be explained by
differences in physical and chemical properties. Key differences in constituent mix parts
were that LA4 media contained a significantly higher percentage of peat moss (55-65%)
than MM840 mix (35-45%), which functions to increase water holding capacity while
other ingredients maintain macropores to prevent water-logging. It is possible that R.
columbiae propagules prefer the moister environment that LA4 substrate offered.
MM840 also contained aged fir bark, which further increases drainage. In addition, fir
bark alone has a low pH of 4.0 – 5.0, but dolomitic limestone additions typically adjust
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pH to a suitable planting level (Hayden 2005). It is unclear if pH played a role in different
R. columbiae outcomes.
Demonstrated interactions between propagule type and soil suggest that while
rhizome propagules consistently outperformed seeds, seeds performed better when grown
in native soils, and particularly Sprague River Main native soil. The sensitivity of seeds
to precise, favorable conditions for germination (“safe sites”) has been known for many
years (Grubb 1977; Harper 1977). Differently from rhizomes and from requirements in
growth and reproductive life stages, seeds require unique environmental conditions at the
scale of the seed to break dormancy and successfully establish (Harper 1997; Grime
2001). One possible explanation for increased seed success in native soils in this study is
the presence of heterospecific seeds, which frequently germinated and established in
advance of Rorippa columbiae germination. Terrestrial plant ecology literature describes
this phenomenon as positive community-level density-dependence, in which a correlation
can exist between high community density and increased plant vigor or fitness,
particularly in the establishment and survival life history stages (Allee and Bowen 1932;
Hoy and Gamble 1985; Goldberg et al. 2001). While a high density of neighbors
competing for scarce resources is often presumed to negatively impact nearby seedlings
(Gurevitch et al. 1992; Goldberg et al. 1999), some studies suggest that increased
community density can result in strongly positive survival responses for the studied focal
species (Callaway 1995; Holmgren et al. 1997; Goldberg et al. 2001). A positive
response may indicate that exploitation competition is unimportant for survival and
establishment, and may be the result of nursery plant neighbors facilitating reduced
temperatures, evapotranspiration, and wind speed in hot, dry environments (Callaway
1995; Holmgren et al. 1997; Goldberg et al. 2001).
Another potential explanatory biological factor for seed success in native soils is
the possible presence of mycorrhizal symbionts. Mycorrhizal fungi are known to form
symbiotic partnerships with the majority of herbaceous plant species, promoting plant
growth by enhancing nutrient uptake and regulating water supply (Koide and Elliot 1989;
Auge 2001). Though brassicaceous plants have been reported to be largely non-
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mycorrhizal (Harley and Harley 1987; Fontenla et al. 2001), some Brassicaceae genera
(DeMars and Boerner 1996) and one Rorippa species (Rorippa nasturtium-aquaticum)
(Becerra et al. 2007) have demonstrated the capacity for vesicular arbuscular mycorrhizal
development. In a small-scale greenhouse study in 2016 with 96 Rorippa columbiae
seeds, 50% were grown in LA4 potting mix inoculated with native soil, and 50% were
grown in LA4 potting mix alone. Half of the plants and respective native soil were
sourced from the Sprague River Main R. columbiae site and half from the Paulina Marsh
site. Unpublished results showed a significant difference in number of ramets, number of
leaves, and stem heights between inoculated and un-inoculated soils from Sprague River
Main, but no evidence of difference between the two treatments for Paulina Marsh
(Kentnesse unpublished data). These results are consistent with the propagation study’s
increased performance of propagules grown in Sprague River Main soil, and results
suggest that mycorrhizal relationships with R. columbiae may be occurring in Sprague
River Main soil. There is considerable evidence that mycorrhizae are sensitive to
disturbance (Jasper et al. 1991; McGonigle and Miller 1996; Treseder et al. 2004; Jansa
et al. 2006). For example, it is known that disturbed roadside environments can result in
very little mycorrhizal activity when compared with undisturbed adjacent environments
due to the disruption of extraradical mycelium (Reeves et al. 1979). However, multiple
studies also show that dynamic, disturbed ecosystems such as riparian floodplains can
also be highly mycorrhizal as flooding more effectively distributes fungal propagules in
freshly desposited sediments than occurs in dry environments (Harner et al. 2009; Harner
et al. 2011). Current literature suggests that fungal responses to disturbance may depend
on the nature of the disturbance, and are environmentally context-dependent (Van Der
Heyde et al. 2017). Thus, it is certainly plausible that Paulina Marsh roadside ditch
habitat may not sustain mycorrhizal fungi while the Sprague River Main floodplain does
support these symbiotic relationships.
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Source site implications
Statistical modeling on the broader propagation experiment indicated that Sprague
River Main material produced significantly more vegetative growth than Paulina Marsh
when holding other variables constant. Conversely, Paulina Marsh material produced
significantly more reproductive growth than Sprague River Main. This site-specific
response in the greenhouse matches site-specific sampling measurements for mean height
and number of flowers in the field (Kentnesse 2017). One possible explanation for these
results is that the Sprague River Main population developed longer stem length
phenotypes in response to the selective pressures of dense neighbors competing for
access to light and other resources. Life history theory indicates that a plant’s investment
in growth and reproduction often function as a tradeoff, and that sexual reproduction may
increasingly be favored as opportunities for gaining fitness through vegetative and clonal
growth decrease (Waller 1988). The Paulina Marsh R. columbiae population may have
developed a higher investment in sexual regeneration simply because it was not subjected
to sufficient competitive pressures to warrant additional growth investment.
Paulina Marsh and Sprague River Main material generated significantly different
quantities of vegetative and reproductive growth when averaged across all substrates as
well as in a solitary LA4 common garden medium. These results suggest there is a
genetic basis for the differences expressed from the two sites. This outcome was
hypothesized due to the obvious morphological variation between site-specific Rorippa
columbiae plants and environmental variation between Paulina Marsh and Sprague River
Main habitat, though it was possible that differences in fitness components could have
been due to phenotypic plasticity (van Andel 1998).
Reciprocal transplant analyses helped to determine whether those genetic
differences represent an adaptive response to natural selection. It was hypothesized that
the results of this experiment would indicate a home-site advantage whereby each
genotype performed best in its own soil. Surprisingly, there was suggestive evidence that
each site’s material not only does not appear to perform better in its own native soil, but
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may perform best in the other’s soil. At a minimum, a lack of local adaptation in
greenhouse responses was found.
One possible explanation for these results is that local adaptation may be
occurring, but may not be apparent in a first-year growth cycle. Nagy and Rice (1997)
discovered a home-site advantage in a study of two subspecies of Gilia capitata during
the second study year (seed sourced from first study year), but no evidence of adaptation
was observed in the first year. From another perspective, several studies show that nonlocal populations may suffer from maladaptation to the local environment, but only show
lowered fitness years after seemingly successful establishment (Hufford and Mazer 2003;
Edmands 2007; Vander Mijnsbrugge et al. 2010). Future studies would benefit from the
observation of Rorippa columbiae fitness components over multiple growth cycles.
Alternatively, natural selection may not be the cause of the pronounced
population differentiation. Genetic-based differences in fitness-related traits can also be
attributed to genetic drift or inbreeding, particularly in small populations (Crespi 2000;
Bischoff et al. 2006). While Paulina Marsh and Sprague River Main are two of the
largest R. columbiae populations in southern Oregon, they are composed of numerous
small subpopulations that may be subject to low genotypic variation associated with drift
and inbreeding, preventing phenotypes from responding to selection. While visible
ramets have been inventoried in recent years, it is unknown how many geneticallydistinct genets occur in each subpopulation (Kentnesse 2017). Several local adaptation
studies have documented inferior local population performance, citing small population
sizes and inbreeding level as the likely cause (Galloway and Fenster 2000; Joshi et al.
2001; Etterson 2004; Markert et al. 2012). Another cause of maladaptation of a genotype
to its local environment is gene flow. Dispersal and local adaptation are negatively
correlated as seeds may encounter spatially heterogenous environments upon which local
selective pressures can act less effectively (Crespi 2000; Galloway and Fenster 2000).
Given the likely metapopulation dynamics occurring between R. columbiae
subpopulations in these two sites and the species’ ability to disperse effectively via
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hydrochory (Kentnesse 2017), gene flow may be a likely contributor to the lack of
evidence for local adaptation.
A final potential explanation for this study’s common garden and reciprocal
transplant results is that non-genetic effects may explain the variation. Maternal effects
have been shown to cause variation in seed, seedling, and adult traits (Roach and Wulff
1987). For example, cytoplasmic factors such as the direct transfer of plastids and
mitochondria from maternal plant to offspring contribute to heritable variation in fitness
traits of plants. Alternatively, phenotypic maternal effects result from the environment of
the maternal plant, which influences seed physiology. Both of these types of maternal
effects have been shown to slow the response to selection. Maternal effects have also
been shown to complicate the interpretation of common garden experiments by
introducing bias from maternal carryover effects (Roach and Wulff 1987; Bischoff et al.
2006).
Conclusion
The results of this study have elucidated recommended propagation methods for
producing ex situ Rorippa columbiae material in a greenhouse setting. The use of wildcollected rhizome segments grown in LA4 (or equivalent) nursery substrate and treated
with occasional irrigation, fertilization, and pest management will produce the healthiest,
most robust and abundant plants for transplantation. If seed propagules are used for the
purpose of heightening the genetic diversity of plant stock for reintroduction (Barrett and
Kohn 1991; Guerrant 1996), it is recommended that seed is grown in LA4 soil inoculated
with native soil containing mycorrhizal fungi symbionts to support more vigorous
growth.
As to the question of whether the putative genetic differentiation of R. columbiae
observed in this study should be recognized in propagation protocols, the current
literature suggests that the use of mixed versus single-source stock should be very
thoughtfully considered given the exhibited population divergence (Edmands 2007;
Maschinski et al. 2012, Neale 2012). Managers are often faced with the dilemma that
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intentional combining of genotypes may save a population from inbreeding depression,
but also might induce outbreeding depression, and the risks of both are significant. It is
also known that a negative correlation exists between population divergence and hybrid
fitness (Edmands 2007). To minimize these risks, it is recommended that land managers
only intentionally propagate and introduce mixed stock to Rorippa columbiae sites if
there is evidence that the population is suffering from inbreeding depression and would
clearly benefit from the infusion of genotypic diversity (Vander Mijnsbrugge et al. 2010).
In the case of Paulina Marsh and Sprague River Main, these relatively large,
metapopulation-driven populations are not currently appropriate candidates for mixed
source stock transplantations, and evaluation of inbreeding depression as well as the
fitness consequences of inter-population hybridization over multiple generations is
needed prior to considering a different genetic propagation strategy. In the case of many
other very small R. columbiae populations, mixed source stock reintroductions may be
more appropriate following evaluation. As with many species, the successful
establishment and long-term persistence of Rorippa columbiae, which is the primary goal
of reintroduction projects, may very well depend on where propagules are sourced, and
which ones are planted at a given reintroduction site.
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Chapter 4: Habitat characterization of landscape, soil, and biological community for
rare perennial Rorippa columbiae
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Abstract
This observational study assessed population health, landscape, soil, and
biological community attributes associated with occupied sites for the rare perennial
Rorippa columbiae. A census of nine extant and two extirpated southern Oregon R.
columbiae populations was undertaken, and habitat attributes were sampled along
adjacent R. columbiae occupied and unoccupied transects. Results were mainly reported
as narrative descriptions, though statistical analysis was used to compare habitat
conditions of extant and extirpated populations, taxon presence and absence transects
within each site, and high and low performing R. columbiae populations. The population
health assessment showed dramatically different population sizes among extant
populations, and a positive correlation between population size and vegetative and
reproductive growth metrics. Extant sites appeared associated with lower calcium and
higher iron concentrations, as well as with higher concentrations of native forbs and bare
ground adjacent to Rorippa columbiae patches. Transect analysis revealed no statistically
supported differences in landscape, soil, or community covariates. Large, high
performing R. columbiae populations tended to occur at lower elevations when compared
with small, low performing R. columbiae populations, and were associated with lower
calcium, magnesium, and potassium concentrations, and lower percentages of bare
ground. These attribute associations signaled potential habitat preferences for future
Rorippa columbiae modeling and reintroductions.

Introduction
Plant diversity is being lost and habitat degraded at accelerating rates (Falk et al.
1996; Ricketts et al. 2005; Thuiller 2007), and extinctions are expected to rise
dramatically in the coming decades (Pimm and Raven 2000). To address these threats, in
situ ecosystem protection and management interventions continue to be the prioritized,
foundational conservation tools used by land managers (Falk et al. 1996). In recent
decades, an additional emerging tool has been the reintroduction of species that have
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become locally extirpated from their habitat, through the use of ex situ material. Many
projects have demonstrated that reintroductions can result in critically important
outcomes, sometimes making the difference between species survival and extinction
(Rich et al. 1999; Maunder et al. 2000; Vallee et al. 2004; Guerrant 2012). However,
there have also been numerous failed attempts at this conservation strategy (Hall 1987;
Guerrant and Kaye 2007; Godefroid 2011; Dalrymple et al. 2012; Maschinski and
Haskins 2012; Guerrant 2012). One of the most commonly cited reasons for
reintroduction failure is inadequate knowledge of species’ habitat needs (Fiedler 1991;
Pearman and Walker 2004; Maschinski and Haskins 2012), and thus, poor site selection
that does not support plant survival, establishment, and reproduction (Falk et al. 1996;
Fiedler and Laven 1996). The identification of appropriate habitat for reintroduction is
essential to the establishment of self-sustaining populations for species of conservation
concern.
Niche theory provides a foundation for understanding the spatial distribution of
species as well as a basis for predicting where to find suitable habitat for rare plant
reintroductions. Hutchinson (1978) conceptualized niche as pertaining to species in
relationship with the environment through an n-dimensional volume defined in
hyperspace. Hutchinson described the physical world as a map, with each point
characterized by geographical coordinates and local values of n environmental attributes
at each moment in time. The same n environmental attributes define the corresponding
fundamental niche space for a species. Niche theory creates an opportunity for modeling
reciprocal projections between the actual or potential geographic distribution of a species
and its niche at various points in past, present, or future time (Pulliam 2000; Colwell and
Rangel 2009).
The niche concept helps to explain species’ distributions at geographic, landscape,
population, and patch scales. At the broad geographic scale of biomes or ecoregions, or
the 𝛾–niche (Whittaker 1975; Silvertown et al. 2006), plant distributions are strongly
correlated with and limited by physiological tolerances to abiotic environmental attributes
such as climate, geology, hydrology, and biogeochemical cycles (Woodward 1987;
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Woodward and Williams 1987; Korner and Paulsen 2004; Kruckeberg 2004; Morin et al.
2007; Maschinski et al. 2012b). At the landscape scale, or the 𝛽–niche (Whittaker 1975;
Silvertown et al. 2006), dynamic processes that include abiotic and biotic components
strongly influence spatial distributions of individual plant taxa as well as community
structure (Suding and Gross 2006). Disturbance and succession are frequently highlighted
in the literature as core processes that shape landscape-level plant communities in
terrestrial ecosystems (White and Jentsch 2004; Suding and Gross 2006; Turner 2010;
McKenzie et al. 2010). These processes are key drivers of spatial and temporal
heterogeneity; they open space and alter competitive dynamics through changes in
resource availability (Turner 2010). Biotic factors including competition, predation,
mutualisms, parasitism, trophic interactions, and dispersal also influence plant
distribution at the landscape level (Maschinski et al. 2012b). At the population and patch
levels, or 𝛼–niche levels (Whittaker 1975; Silvertown et al. 2006), finer-scale abiotic
factors are particularly important in determining species’ locations. Soil type, texture, and
chemistry have been shown to be critical determinants of patch occupancy (Woodward
1987; Fiedler and Laven 1996; Hook and Burke 2000). Local topography attributes such
as slope gradient, slope aspect, and hillslope position have demonstrated influence on
solar radiation, soil water retention, and temperature regimes of local patches, and thus,
plant distributions (Fiedler and Laven 1996; Larkin et al. 2006). Biotic interactions with
competitors, mutualists, and herbivores affect population and community dynamics at
local levels (Keddy 2001; Maron and Crone 2006; Haskins and Pence 2012). Finally,
periodic disturbance at population and patch scales can also create spatial and temporal
heterogeneity (Bunnell 1995; Hunter 1999), influencing resource availability at the
individual plant level for germination, establishment and adult life stages. It is clear that
many factors interact to define the set of conditions suitable to a species.
The more that is known about a target species and its niche, the higher the
likelihood of reintroduction success. Whittaker et al. (2005) recommend rigorous surveys
to confirm species distributions, which would improve the quality of underlying data for
robust biogeographic modeling efforts. Maschinski et al. (2012b) recommend in situ,
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quantitative site assessments of abiotic and biotic niche attributes for the species of
interest. Moreover, the authors suggest that when these habitat measurements are
considered along with population fitness estimates and growth rates over time, an
understanding of the range of conditions that permit or constrain a species’ persistence
will likely ensue. This information fuels the potential power of niche modeling (Pulliam
2000). Environmental metrics of sites currently supporting the species can be used to
determine the species’ probable niche requirements, which can then be matched to
environmental conditions of potential reintroduction sites.
Rorippa columbiae (Suksd. ex B.L. Rob.) Suksd. ex Howell is a rare, perennial
forb of the Brassicaceae family that has been characterized as having a particularly large
geographic range and wide habitat specificity for a rare plant species (Kaye et al. 1997).
The current global range for the taxon has been reported from as far north as the
Columbia River Hanford Reach in Washington, to as far south as Lassen National Forest
in northern California. Extant populations are clustered into two, discontinuous
population centers: the Columbia River Gorge, and Southern Oregon/Northern California
(Figure 4.1). Botanists have assessed R. columbiae abundance systematically over time
for some sites, and rarely for others. In southern Oregon, 13 extant populations exist
(Figure 4.2), with five populations containing 12 stems or less (Kentnesse 2017).
Rorippa columbiae habitat has been described as disturbance-driven shorelines,
subject to seasonal inundation and to cycles of substrate saturation and drying (Salstrom
and Gehring 1994; Kaye 1996). These wetland shorelines can occur on the margins of
lakes and playas, banks of rivers, streams, and creeks, and edges of marshes, mudflats,
and swales. The taxon also frequently inhabits anthropogenic wetlands including roadside
edges, drainage channels, and irrigation ditches as well as reservoirs, farm ponds, and
low-lying fields. Kentnesse (2017) posits that thousands of years of seasonal inundation
patterns likely drive the taxon’s evolutionary habitat adaptations. R. columbiae grows
along dramatically reduced remnants of once-immense, ancient Pleistocene lakes.
Historic cycles of rising and falling waters created habitat that was likely never static and
that experienced periodic catastrophic disturbance. Disturbance would have maintained
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open habitats, disrupting ecological succession and sustaining a predominantly
herbaceous biological community (Kaye 1996). The current species range still
experiences alternating wet and dry periods, deluges and droughts, and R. columbiae
appears to tolerate significant variability in moisture and other habitat conditions.

Figure 4.1. Rorippa columbiae global range map. Gray boxes indicate the two extant
population centers for the species. Green points indicate extant populations and red points
indicate extirpated populations as of 2016.
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Figure 4.2. Rorippa columbiae occurrences in Southern Oregon. Green points indicate
numbered extant populations and red points indicate extirpated populations in 2016.
Extant populations surveyed in this study include sites 2, 3, 4, 5, 6, 9, 11, 12, and 13.
Extirpated sites surveyed were Buck Creek, which is immediately southwest of extant
population 2, and Silver Lake, which is southeast of extant population 13.

Despite these broad observations of Rorippa columbiae habitat commonalities,
little is known about the taxon’s landscape, soil, or biological community requirements,
and environmental conditions have generally not been quantified. This chapter aims to
qualitatively and quantitatively define key abiotic and biotic niche attributes for southern
Oregon Rorippa columbiae, and to describe differences in environmental conditions
where R. columbiae is present or growing abundantly compared to where the species is
absent or growing in less abundance. This research offers an introductory habitat
assessment to inform potential future niche-based modeling and selection of successful
reintroduction sites.
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Methods
Study site selection
Eleven total study sites located in southern Oregon’s Klamath and Lake counties
were selected for habitat and population sampling. Most extant, established Rorippa
columbiae populations were sampled (nine total); un-inventoried populations discovered
in the past few years were excluded. The two most recently extirpated sites in the region
were also included in the study. The intent of site selection was to sample all populations
with records of inventory counts or habitat descriptions in order to compare current
population health, and better inform land managers of habitat descriptions.
Study design
This observational study included four sampling components: R. columbiae
population health, landscape, soil, and biological community. For the latter three parts,
two transects were established at each extant site. All transects were placed along the site
elevational gradient with the upper end at the edge of the depression or riverbank, and the
lower end sufficiently below R. columbiae stems; transect lengths varied from four to 15
meters depending on site conditions. Given the relationship between elevational and
moisture gradients (Korner 2007) and the high likelihood of moisture availability
influencing R. columbiae growth (Kaye 1996; Kentnesse 2017), transect placement
captured substrates higher and drier than R. columbiae stems, as well as substrates lower
and more saturated. The first transect at each extant site was intentionally placed such
that it intersected a moderately dense patch of Rorippa columbiae stems. The second
transect was placed roughly parallel to the first, at a perpendicular distance of at least 5
meters, where no Rorippa columbiae occurred. These transect placements offered an
opportunity for comparison of transect response variables where R. columbiae was
present and absent. Extirpated sites only contained one transect as no R. columbiae were
present for comparison.
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Rorippa columbiae population health
For each study site, a total count of Rorippa columbiae stems was completed
during the summer of 2016. In addition, up to 30 R. columbiae stems were randomly
selected for further measurements, including stem height, number of leaves, number of
inflorescences, number of flowers, and number of fruits. For those populations with
fewer than 30 plants, the number of plants used for additional measurements equaled the
total stem count. One site, Foley Lake, did not support additional measurements because
the species was too far along in its development during the sampling visit, (past flowering
and fruiting), and measurements were not possible.
Landscape measurements
Basic physical surface morphometry information was recorded for each transect.
Aspect was ascertained from a position at the top of each transect facing downhill
towards the transect low end, by using an Apple iPhone compass application. Compass
direction and degree were recorded. In a similar process, percent slope was determined
from the same positioning with the use of an Apple iPhone clinometer application. A
second field technician stood perpendicular to the transect at a distance, and ensured the
clinometer was held at an angle that paralleled the slope of the terrain appropriately.
Elevation was determined by a Garmin GPS60-Navigator handheld global positioning
system. Finally, slope shape and hillslope position were determined and classified
according to the Field Book for Describing and Sampling Soils, version 3.0
(Schoeneberger et al. 2012).
Soil measurements
Four soil samples were taken from each transect for analysis: higher elevation
samples at 0-15 cm and 16-30 cm depths, and lower elevation samples at the same
depths. On the first transect, samples were intentionally taken from the soil immediately
surrounding R. columbiae plants to capture soil conditions where the species was
growing successfully. Typically, R. columbiae presence defined the lower elevation
sampling location. The upper elevation sampling location was taken at the top of the
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slope between zero- and one-meter on the transect tape. The second transect samples
were taken at transect tape distances comparable to the first transect. Soil samples were
extracted with a 6-inch standard open-bit augur. Each soil sample consisted of 5
subsamples, which were disaggregated by hand and mixed in a 5-gallon bucket to
generate a 16.5 cm x 14.9 cm sample-sized bag of soil. It was impossible to collect a
lower depth sample at one site, Stukel Mountain, due to the rocky nature of the
subsurface soils. It was also impossible to collect lower elevation samples from the
extirpated Buck Creek site as lower transect elevations were covered by creek water.
Soil samples were brought back to Oregon State University’s Central Analytical
Laboratory (CAL) where testing occurred to determine soil texture, pH, electrical
conductivity, and nutrient composition. Nutrients assessed included organic matter,
carbon, nitrogen, phosphorus, potassium, calcium, magnesium, manganese, copper, zinc,
and iron. All testing protocols were standard methods provided by CAL, and are briefly
described below.
Soil texture was determined by hydrometer method. First, excess organic matter
was eliminated with a 30% hydrogen peroxide treatment. A 10% sodium
hexametaphosphate solution was added to the soil sample as a dispersing agent for
particles, and containers were agitated for 24 hours. Each soil sample and deionized
water was added to a 1,000 mL graduated cylinder, and a hydrometer was used to
measure suspended particle quantities at 40 seconds and 7.5 hours. A control containing
sodium hexametaphosphate and deionized water was also prepared and response
measurements were recorded. Percent sand, silt, and clay were calculated from
hydrometer readings.
An HI5522 Hanna Benchtop pH/ISE/EC meter was used to measure pH and
electrical conductivity (EC) of soil samples. The pH probe was calibrated using pH 7 and
10 buffer solutions, and the EC probe was calibrated using 84 𝜇S/cm and 1,413 𝜇S/cm
conductivity standards. Each soil sample was added to a falcon tube in a 2:1 deionized
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water to soil ratio, and agitated for 15 minutes prior to probe insertion and recording pH
and EC readings.
The percent carbon and nitrogen of soil samples were determined by using an
Elementar Vario Macro Cube dry combustion elemental analyzer. Approximately 100 mg
of solid, dried, ground soil was encased in compacted tin for each sample. Tin pellets
were inserted into the analyzer carousel for processing. Percent organic matter was
calculated from percent carbon.
The remaining nutrient composition of soil samples was determined by using
inductively coupled plasma optical emission spectroscopy (ICP-OES). A Mehlich
solution of Mehlich 3 stock, ammonium nitrate, glacial acetic acid, and concentrated
nitric acid was prepared. Each soil sample was added to a falcon tube, combined with
Mehlich solution, and agitated for 5 minutes to ensure particles were in solution. Tube
contents were poured through Whatman qualitative 110 mm filter paper into test tubes
and refrigerated. ICP-OES analysis was then performed using a PerkinElmer Optima
2100 DV atomic spectrometer. Concentrations of phosphorus, potassium, calcium,
magnesium, manganese, copper, zinc, and iron were recorded.
Biological community measurements
Biological community was sampled within six 0.5 x 0.5-meter polyvinyl chloride
(PVC) pipe quadrats per transect. Quadrats were randomly placed along each transect,
with three on the left and three on the right of the transect line. The first quadrat was
intentionally placed over a moderately dense patch of Rorippa columbiae stems, and the
remainder were placed by using a random number generator. Percentage cover was
determined for bare ground, rocks, standing water, fecal matter, vegetative litter, and live
vegetation. All plants were identified to the species level and assigned a percentage cover
value. Percentage cover was permitted to total more than 100% due to overlapping layers
of biotic and abiotic components. Percentage cover was also assigned to plants growing
at a vertical height of more than one foot. Data were aggregated into response variables
such as percentage cover of trees, shrubs, graminoids, and forbs, with classifications for

87

no, low, medium, and high invasive potential, which were useful for answering the
research questions posed by this study. Species designated as having “no invasive
potential” were native species. The determination of “low, medium, and high threat
potential” for each invasive species was based on perceived species aggressiveness, life
history attributes, and observed ecological impact in R. columbiae sites. Categorical
designations were further substantiated by published noxious weed lists and agency fact
sheets (ACCS 2017; Cal-IPC 2017; ODA 2017).
Data analyses
The research questions and design of this study are best described and interpreted
as an observational study. Outcomes were observed and measured, and no experimental
treatments were applied. Results were mainly reported as narrative descriptions. Welch’s
t-tests were used to compare habitat conditions where R. columbiae was present and
absent through analysis of extant and extirpated populations, and the two transects within
each site. Welch’s t-tests were also used to analyze differences between high- and lowperforming R. columbiae populations, with performance success defined by high- or lowpopulation size. The Welch’s t-test was used because of the difference in comparative
group sample sizes and variances. Statistical analyses were performed using R statistical
software (R Core Team 2016) via RStudio 1.0.143 (RStudio Team 2016). Due to the
observational nature of the study, inference and conclusions were limited.
Results
Rorippa columbiae population health
Southern Oregon Rorippa columbiae populations diverge significantly in
population size (Figure 4.3). Based on a census count of individual stems at the nine
extant sites included in the study, two sites had dramatically larger populations than
others. Sprague River Main contained 6,390 stems in 2016, and Paulina Marsh contained
3,650. The remaining seven sites ranged from 12 to 574 stems with a median of 85 stems.
The sites with the largest populations tended to have the longest stems, most leaves, and
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most reproductive success, though Paulina Marsh often outperformed Sprague River in
these measures, and Dams Meadow performed similarly to the largest populations though
the site stem count was significantly lower. Klamath Lake Land Trust was the third
largest population; the plants displayed vegetative growth comparable to the large
population sites, and reproductive growth comparable to the low population sites.

Figure 4.3. Rorippa columbiae vegetative and reproductive growth responses for nine
extant and two extirpated southern Oregon populations. Rows are listed from largest R.
columbiae populations at the top, to smallest R. columbiae populations at the bottom.
Thirty plants were sampled for populations with more than 30 stems; for populations with
less than 30 stems (Stukel Mountain, Seput Land Exchange, Buck Creek Tributary), all
stems were measured for population health metrics. Foley Lake did not support
population health measurements because the population had completed its growth season
at the time of sampling.
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Landscape measurements
Physical surface morphometry characters were assessed for each site, including
aspect, hillslope position, slope shape, percent slope, and elevation (Figure 4.4a). Slope
aspect was highly variable for the species, with R. columbiae plants occurring on slopes
facing nearly all cardinal and many intermediary directions. There was a trend towards
plant growth on easterly and westerly slopes compared to northerly or southerly slopes.
Rorippa columbiae plants occupied various hillslope positions at sites including toeslope,
footslope, backslope, and on rare occasion shoulder. The slope shape of R. columbiae
habitat was universally concave-linear for southern Oregon sites. Slope gradient was
shown to be variable for the taxon, but plants commonly grew on fairly gentle slopes.
The habitat for the species ranged from 1.5% to 45% slope, with a median of 4.8% slope.
Median elevation was approximately 4500 feet for all measured sites. The lowest
elevation populations occurred in the Sprague River area with the Sprague River Main
site recorded at 4285 feet, while the highest elevation populations occurred in Lake
County, with Featherbed Lake R. columbiae recorded at 5312 feet. Larger R. columbiae
populations appeared to occur at mid- to lower-elevation sites.
In the analysis of differences in landscape measurements where Rorippa
columbiae was present versus absent, there was no evidence of difference in elevation or
slope gradient between extant versus extirpated sites (Figure 4.4b; elevation P = 0.1828;
slope P =0.7787; Welch’s t-test) or between transects within a site (Figure 4.4c; elevation
P = 0.7994; slope P = 0.8385; Welch’s t-test). In a comparison of low and high
performing R. columbiae sites, it appeared that high performing sites occurred at lower
elevations than low performing populations (Figure 4.4d; P = 0.0354; Welch’s t-test).
There was no evidence of a difference in slope between high and low performing sites (P
= 0.9683; Welch’s t-test).
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Figure 4.4. (a) Average elevation and percent slope for nine extant and two extirpated
southern Oregon Rorippa columbiae populations; rows are listed from largest R.
columbiae populations at the top, to smallest R. columbiae populations at the bottom; (b)
average elevation and percent slope for extant versus extirpated populations; (c) average
elevation and percent slope for transect 1 (R. columbiae present) versus transect 2 (R.
columbiae absent); green bars represent 0-15 cm sampling depth, and purple bars
represent 16-30 cm sampling depth; (d) average elevation and percent slope for low,
medium, and high performing R. columbiae populations with performance measured by
site stem counts.
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Soil measurements
Southern Oregon Rorippa columbiae populations occupy habitats that are varied
in soil texture and nutrient composition (Figure 4.5). The species grows in substrates that
range in texture class from clay and clay loam to sandy loam and loamy sands, and
commonly grows among pebble and cobble rock fragments as well. Rorippa columbiae
was growing in substrates where percent sand ranged from 20.2% to 75.6%, percent silt
ranged from 9.1% to 33.3%, and percent clay ranged from 1.8% to 70.8%. There was no
demonstrated relationship between percent sand, silt or clay and R. columbiae population
size (Figures 4.5, 4.6).
With regards to pH, there did not appear to be any relationship between pH and
population size. The minimum recorded pH at a location where R. columbiae was
successfully growing was 5.8 at the Seput Land Exchange, and the maximum recorded
pH was 7.9 at Foley Lake. Average pH values by site ranged from 6.1 at the Sprague
River Main as most acidic, to most basic at 8.3 at the extirpated Silver Lake. The most
basic extant site was Paulina Marsh with an average pH of 7.9. The median pH for all
sites was 7.1.
Recorded electrical conductivity (EC) values, a measure of total dissolved ions in
water, also did not appear to follow a particular pattern associated with population size.
The lowest recorded EC value in a R. columbiae-occupied area was 40.10 𝜇s/cm at the
Seput Land Exchange and the highest was 291.30 𝜇s/cm at Paulina Marsh. Site-specific
average EC values ranged from a low of 60.06 𝜇s/cm at the Seput Land Exchange to
269.96 𝜇s/cm at the Klamath Lake Land Trust. Notably, the extirpated Silver Lake site
had a much higher average electrical conductivity of 612.25 𝜇s/cm when compared to
other sites. The median was 140.65 𝜇s/cm for all study sites.
Each habitat showed a consistent pattern between calculated organic matter, and
measured carbon and nitrogen results. Extant sites showed a relatively narrow range of
percent organic matter from 0.9% to 7.7%, percent carbon from 0.44% to 3.83%, and
percent nitrogen from 0.054% to 0.367% in patches where R. columbiae occurred. There
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appeared to be a trend of slightly higher percentages of organic matter, carbon and
nitrogen for extirpated sites, though this was not statistically supported. For all sites
combined, median percent organic matter was 3.3%, median percent carbon was 1.66%,
and median percent nitrogen was 0.159%.
Additional measured macronutrients phosphorus, potassium, calcium, and
magnesium didn’t appear to have a strong relationship with population size, though large
populations seemed to consistently have lower concentrations of these elements. In
patches occupied by Rorippa columbiae, minimums and maximums of recorded soil
nutrient values were 14.2 to 116.5 ppm of phosphorus with an all-site median of 35.3
ppm, 0.1 to 3.5 meq of potassium with an all-site median of 0.9 meq, to 8.1 to 28.4 meq
of calcium with an all-site median of 18.0 meq, and 4.8 to 18.7 meq of magnesium with
an all-site median of 9.7 meq.
Measured micronutrient metals included manganese, copper, zinc, and iron. There
did not appear to be a relationship between population size and concentrations of these
nutrients. Extirpated populations’ habitat appeared to have relatively similar
micronutrient concentrations to the habitat of the most successful R. columbiae
populations. Sampled soils of occupied Rorippa columbiae patches showed minimum
and maximum values of 41.3 to 244.7 ppm manganese with an all-site median of 81.3
ppm, 1.9 to 9.2 ppm copper with an all-site median of 4.1 ppm, 0.5 to 5.3 ppm zinc with
an all-site median of 1.6, and 99.0 to 351.5 ppm iron with an all-site median of 177.3
ppm.
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Figure 4.5. Average soil texture and chemistry results among nine extant and two
extirpated southern Oregon Rorippa columbiae populations. Rows are listed from largest
R. columbiae populations at the top, to smallest R. columbiae populations at the bottom.
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Soil Composition (percent)

Figure 4.6. Soil texture composition for nine extant and two extirpated southern Oregon
Rorippa columbiae populations. Rows are listed from largest R. columbiae populations at
the top, to smallest R. columbiae populations at the bottom.
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In a comparison of soil texture and nutrient composition between extant and
extirpated Rorippa columbiae sites, only calcium and iron appeared to differ (Figure 4.7).
Lower calcium (P = 0.0010; Welch’s t-test) and higher iron (P = 0.0104; Welch’s t-test)
concentrations appeared to be associated with extant R. columbiae sites. Organic matter,
carbon, nitrogen, organic matter, potassium, magnesium, and zinc concentrations
appeared to potentially differ between extant and extirpated sites, but this was not
statistically supported.

Extant

Extirpated

Extant

Extirpated

Extant Extirpated

Extant

Extirpated

Figure 4.7. Average soil texture and chemistry results for extant versus extirpated
Rorippa columbiae sites.
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A t-test analysis of transect 1 versus transect 2 results revealed no statistically
supported differences in soil texture or nutrient composition (Figure 4.8).

T1

T2

T1

T2

T1

T2

Figure 4.8. Average soil texture and chemistry by
present/absent transect and depth; results are averaged across
sites. Transect 1 indicates Rorippa columbiae is present
along the transect, and Transect 2 indicates R. columbiae is
absent. The upper sampling depth is 0 to 15 cm and lower
sampling depth 16 to 30 cm.

T1

T2
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An analysis comparing substrates of high performing sites and low performing
sites revealed that calcium, magnesium, and potassium concentrations appeared to differ
(Figure 4.9). Lower calcium (P = 0.0092; Welch’s t-test), lower magnesium (P = 0.0195;
Welch’s t-test), and lower potassium (P = 0.0919; Welch’s t-test) concentrations
appeared to be associated with high performing R. columbiae sites.

Population Performance

Figure 4.9. Average soil texture and chemistry results for low, medium, and high
performing Rorippa columbiae sites.
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Biological community measurements
Rorippa columbiae populations share habitat with native and non-native species
of various abundances, densities, and heights (Figure 4.10; Appendix A). Southern
Oregon site sampling indicated an abundance of moderate to high threat invasive
graminoids in Rorippa columbiae sites. Measured by percentage cover, the most common
invasive grasses at these sites were Alopecurus pratensis (medium threat), Phalaris
arundinacea (high threat), Elymus repens (high threat), Bromus tectorum (high threat),
Poa pratensis (medium threat), and Agrostis stolonifera (medium threat). These nonnatives appeared to occupy habitats of large, medium, small, and extirpated Rorippa
columbiae populations. Sampling of native and non-native forbs showed that moderate to
highly invasive forbs were relatively uncommon in R. columbiae habitat, whereas low
threat and native forbs were relatively common and distributed across all sizes of R.
columbiae populations. Native trees and/or shrubs were present at many sites growing in
close proximity to R. columbiae, but did not appear to grow adjacent to the taxon in the
largest R. columbiae populations. Bare ground absent vegetation or litter was common at
most sites, and most prevalent in mid-sized R. columbiae populations. Adjacent tall
vegetation appeared more common in smaller R. columbiae populations.
A comparison of biological communities in extant and extirpated sites revealed
that native forbs (P = 0.0241; Welch’s t-test) and bare ground (P = 0.0248; Welch’s ttest) appeared higher for extant sites. Transect analysis showed no significant
relationships with community covariates, and an analysis comparing the biological
community of high performing sites and low performing sites demonstrated weak
evidence that low performing sites had larger percentages of bare ground than high
performing sites (P = 0.0852; Welch’s t-test).

% cover
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Figure 4.10. Percent cover of community graminoids, forbs, and trees/shrubs categorized
by severity of invasive threat in Rorippa columbiae site quadrats; severity index was
based on perceived species aggressiveness, life history attributes, and observed ecological
impact in study sites. Percent cover of bare ground and vegetation with height greater
than one foot is also included. Transect 1 is indicated in green, and Transect 2 in purple.
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Discussion
Rorippa columbiae population health
A cross-site comparison of population health measures indicated that higher stem
counts appeared associated with larger vegetative and reproductive growth characters.
Sites with large population sizes such as Sprague River Main and Paulina Marsh seemed
to support larger, more sexually reproductive plants when compared to other extant R.
columbiae populations. Numerous studies suggest positive relationships between plant
population size and measures of fitness may occur due to the association between small
populations, decreased genetic variation, increased inbreeding depression, and
consequent fitness reductions (Ellstrand and Elam 1993), or alternatively due to
differences in habitat quality (Fischer and Matthies 1998). In a meta-analysis of two
decades of research, Leimu et al. (2006) demonstrated that mean correlations between
population size and fitness were significantly positive, particularly for field studies
compared to common garden studies. Mean correlations tended to be stronger for rare
species compared to common species as well. This study’s results suggest that Sprague
River Main and Paulina Marsh Rorippa columbiae may occupy a more ideal niche space
than other R. columbiae populations, and that their habitats may possess environmental
factors that better support growth and reproduction.
Landscape measurements
Landscape results suggested that large, high performing Rorippa columbiae
populations tended to occur at lower elevations when compared with small, low
performing R. columbiae populations. Many studies show that elevational change is one
of the decisive factors controlling species distribution and success in riparian and other
plant communities (Szaro 1989; DeBano and Schmidt 1990; Lieberman et al. 1996;
Zimmerman et al. 1999; Lomolino 2001). One possible explanation for the association
between lower elevations and higher performing Rorippa columbiae is that higher
temperatures are associated with lower elevations (Marrs et al. 1988; Kitayama 1992;
Pendry and Proctor 1996; Wang et al. 2002; Korner 2007), which may be more optimal
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for R. columbiae growth. R. columbiae is known to benefit from warm temperatures for
germination success (Kentnesse 2017). In a comparison of 66 wetlands in the KwaZuluNatal province of South Africa, a similar-sized area of land with slightly larger altitude
range than that of R. columbiae, altitude and associated geophysical gradients such as
temperature accounted for most variation among wetlands in regards to species diversity
and distribution (Kotze and O’Connor 2000).
The variation in other landscape measurements including aspect, hillslope
position, slope shape, and percent slope suggest that R. columbiae’s niche may
encompass a broader range of these factors. Alternatively, slope shape, percent slope, and
hillslope position may all interact in such a way to support R. columbiae growth where
the soil surface is optimally saturated. R. columbiae is consistently reported to grow in a
band just above, at, or below the winter high water mark of their seasonal wetland
environments (Goldenberg 1993; Gehring 1994). Other studies suggest individual species
are often consistently associated with the same wetness zone across different wetland
sites (Kotze and O’Connor 2000). Soil moisture, water table depth, and substrate
saturation timing were not considered in this study.
Soil measurements
Wetland soils are characterized by saturation, flooding, or ponding that results in
anaerobic conditions of upper soil horizons. The reduced availability of atmospheric
oxygen for plant roots activates biological and chemical processes that change the system
from aerobic and oxidizing to anaerobic and reducing (Cronk and Fennessy 2001). In this
study, extant populations did appear associated with higher iron concentrations, which is
one of five alternative elements used as terminal electron acceptors in respiration, and
found in reduced forms in hypoxic and anoxic soils (Cronk and Fennessy 2001). Local
iron concretions near the soil surface and high iron concentrations are indicators of hydric
soils (Jones 2012), thus, this study’s results may suggest that soils at extirpated sites may
slightly less hydric. Research suggests that high levels of reduced iron can interfere with
magnesium during chlorophyll formation, yet many plants can withstand high
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concentrations with no negative effects (Cronk and Fennessy 2001). The suggestive
statistical support for a difference between extant and extirpated sites many be somewhat
misleading, however. Three of nine extant sites had similar or lower concentrations of
iron compared to extirpated sites, including the large Paulina Marsh population.
Wetland hydrologic regimes also strongly influence the availability of nutrients
(Neill 1990), soil characteristics (Barko and Smart 1978), and the deposition of sediments
(Barko and Smart 1979), and can be highly variable. This Rorippa columbiae study
demonstrated a tendency toward lower calcium concentrations in extant sites, and lower
calcium, magnesium, and potassium concentrations in large, high performing R.
columbiae populations. The reason for, and impact of, differing concentrations of these
elements is unclear. These three macronutrients, derived from inorganic mineral particles
in wetland soil habitat are essential to R. columbiae health along with all other macro and
micronutrients. As alkali and alkaline metals, calcium, magnesium, and potassium each
have a role in wetland functioning (Kadlec and Wallace 2008) and are needed in
sufficient quantities to prevent deficiency symptoms such as tip burn, scorch, yellowing,
interveinal chlorosis, and fruit rot (Jones 2012). Since there was no evidence of these
symptoms in Sprague River Main or Paulina Marsh populations, it is likely that the low
elemental concentrations were not limiting to R. columbiae. It is possible that the higher
levels of calcium, magnesium, and potassium were excessive and toxic to extirpated or
small, low performing R. columbiae populations, however, studies show higher
concentrations of these elements don’t pose a toxicity threat under most circumstances
(Kadlec and Wallace 2009). The concentration difference between sites may be due to
underlying geological differences, or the result of plant species of Sprague River Main
and Paulina Marsh biological communities taking up more of these elements from the
soil than communities of other populations.
Biological community measurements
The primary result of community analysis was the notable relationship between
bare ground and Rorippa columbiae success. Extant sites appeared associated with a
higher percentage cover of bare ground and native forbs. Somewhat paradoxically, large,
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high performing R. columbiae populations appeared to have a lower cover of bare ground
compared to small, low performing populations. Bare ground can be indicative of
restricted vegetative production due to severe environmental stress (Grime 2001). The
Rorippa columbiae sites with the highest measured quantities of bare ground were the
eastern playa sites of Featherbed and Foley Lakes, high desert endorheic basins with
documented high temperatures and winds, and very low precipitation to support
vegetative growth. Bare ground in wetland habitats can also be the result of disturbance,
which opens new habitat for colonization (Cronk and Fennessy 2001; White and Jentsch
2004; Turner 2010). While the type of disturbance is often hydrological, grazing and
trampling can also open habitat to primary succession. The Dams Meadow R. columbiae
cutbank site possessed a notably high amount of bare ground in this study, and it is
subject to a high degree of cattle trampling on the steepest slope gradient of any R.
columbiae site. In the case of Rorippa columbiae’s largest populations, moderate
hydrological wetland disturbances may not open as much bare ground, and also typically
carry a flood of nutrients and water such that it is a resource-rich environment, ripe for
vegetative competition. In the cases of Foley Lake, Featherbed Lake, and Dams Meadow,
there may not be sufficient resources or opportunity to compete, whereas competitive
adaptations to successfully acquisition light, moisture, and nutrients, may position the
largest populations to experience the most growth. The extirpated R. columbiae
populations of Silver Lake and Buck Creek may not have sufficient disturbance of any
kind as a mechanism to open bare ground.
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Conclusion
It is important to recognize the contributions and limitations of this research
effort. The results of this study offer an introductory habitat assessment for Rorippa
columbiae, describing and quantifying previously unmeasured abiotic and biotic
attributes. The study identifies a range of values for these attributes within which the
taxon can grow, and highlights a few habitat variables that may be associated with R.
columbiae success that warrant additional study. The population health data were
particularly robust as a census of individual stems and a substantial sampling of growth
characters. These species occurrence data and field measurements can provide an initial
approximation of the fundamental niche for Rorippa columbiae, and offer underlying
data for future niche-based modeling.
This study stops short of explaining how the current distribution, or realized
niche, of R. columbiae is related to its fundamental niche, and therefore precludes the
identification of possible reintroduction sites. Soil and biological community sampling
consisted of relatively few sample points due to expense and time restrictions, which
limits a robust habitat characterization of study sites. This limitation is apparent in the
biological community results which indicate a lack of relationship between R. columbiae
and invasive species threat. It is clear from the dominant presence of aggressive weedy
species at many sites that further investigation is needed. Another limitation of this
research is that among the many factors potentially influencing patch occupancy, a key
factor may not have been measured. For example, it has been hypothesized that moisture
availability may be a top driver of R. columbiae establishment, growth, and reproductive
success, yet soil moisture, water table depth, and substrate saturation timing were not
considered in this study due to the complexity of their measurements in remote locations.
One final consideration related to the limitations of this study is that occupancy does not
always reflect optimal conditions for a species’ positive population growth according to
source-sink theory, metapopulation theory, and dispersal limitation (Pulliam 2000), and
therefore results may be misleading. It is possible that some measured R. columbiae sites
no longer support positive or stable population growth. Relatedly, the species’ realized

105

niche may be significantly smaller than its fundamental niche due to intra- or interspecific competitive exclusion (Case and Gilpin 1974; Colwell and Rangel 2009;
Dangremond et al. 2010). If competitive pressure were removed, the species may thrive
in a broader habitat range than is indicated by habitat measurements. Further
experimental study is needed to accurately define the realized and fundamental niches for
Rorippa columbiae, and in situ demographic analysis is needed to confirm positive
growth rates. Given this additional information, the data can then be applied to locating
and evaluating suitable reintroduction sites.
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Chapter 5: Conclusions
Habitat for rare species is quickly becoming reduced to questionably-optimal
fragments by anthropogenic and natural threats. What was once appropriate habitat
historically, may not exist today, and species population declines and extirpations have
been a common result. The health and habitat of the rare perennial Rorippa columbiae
have followed this pattern, and the species has been listed as a federal Special Status
Species (ISSSSP 2017) and Oregon state candidate species (ODA 2017b) in recognition
of the need to conserve the species and its habitat.
The conservation of Rorippa columbiae will require active in situ species and
habitat protection strategies as well as likely augmentations or reintroductions for select
populations. In situ strategies are still the priority approach of conservation biologists,
and many management tactics to address threats including cattle trampling and grazing,
and weedy species proliferation, among others, have not yet been tried in R. columbiae
sites. The biological, ecological, and habitat knowledge generated by this research, can be
used to the benefit of in situ management. It is now known that successful Rorippa
columbiae germination likely requires the disappearance of seasonally-inundating surface
waters, warm summer temperatures or a substrate that absorbs heat and permits earlier
germination, and open, full sun habitats with a low probability of intense competition. It
is also known that successful R. columbiae patches appear associated with higher
amounts of bare ground. Land managers can encourage seedling establishment by
creating disturbance, reducing vegetative competition, and preserving open habitat early
in the growth season. Managers should also recognize the nuance that sites with a higher
density of vegetation may host R. columbiae patches that are adapted to some amount of
shading, so there may be value in monitoring the community vegetation over time, and
targeting removal of new growth or invasions.
In the event that in situ management tactics are ineffective, or natural threats such
as climate change and water availability are unaddressable and populations are exhibiting
rapid declines, the results of this series of experiments should support a thoughtfully
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designed and executed reintroduction strategy. The best possible understanding of
biology, ecology, and habitat for the species suggests that Rorippa columbiae can be
propagated with ease in a greenhouse. To generate material for large-scale outplantings,
rhizomatous propagules in LA4 nursery substrate will produce the fastest, most vigorous
results. However, the species can be adequately grown from unstratified seed if an
outplanting objective is to increase the genetic diversity of the recipient site. This
research indicates that if seed is used, it will be more sensitive to substrate, and it is
important to select a nursery mix comparable to LA4, ideally inoculated with native soil.
Alternative nursery mixes similar to MM840 may have a particularly poor effect on seed
germination. Lessons from the light exposure experiment suggest that seed may be very
successful if top-sown in a very warm greenhouse environment. Some projects might
benefit from both rhizome and seed material propagations. It is also recommended that
land managers only intentionally propagate and introduce mixed stock to small Rorippa
columbiae sites if there is reasonable inference that the population is suffering from
inbreeding depression and would clearly benefit from the infusion of genotypic diversity.
Relatively large, metapopulation-driven populations should be propagated with singlesource stock. Once the outplanting material has been grown, the appropriate selection of
suitable recipient habitat is critical. Further experimental study is needed to accurately
define the realized and fundamental niches for Rorippa columbiae, to investigate
moisture requirements and the impact of invasive species, and to conduct in situ
demographic analyses to confirm positive growth rates. Given this additional
information, the data can then be applied to locating and evaluating suitable
reintroduction sites. In the meantime, if augmentations or reintroductions are pursued, it
is recommended that they are conducted as rigorous scientific experiments to increase
species knowledge and long-term viability outcomes.
This research will hopefully be used to help achieve conservation and
reintroduction goals of supporting the successful establishment and long-term persistence
of Rorippa columbiae, through the deeper foundational knowledge and satisfaction of the
species’ biological, ecological and habitat requirements.
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Table A1. List of species present at Rorippa columbiae Buck Creek (extirpated) study
site in summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
CATA2
CAREX
COPA3
EPCI
JUOC
LOUN
ROCU
ROWO

Scientific Name
Camissonia tanacetifolia
Carex sp.
Collinsia parviflora
Epilobium ciliatum
Juniperus occidentalis
Lotus unifoliolatus
Rorippa curvisiliqua
Rosa woodsii

Common Name

Family

Native

tansyleaf evening primrose
sedge
maiden blue eyed Mary
fringed willowherb
western juniper
American bird's-foot trefoil
curvepod yellowcress
woods’ rose

Onagraceae
Cyperaceae
Scrophulariaceae
Onagraceae
Cupressaceae
Fabaceae
Brassicaceae
Rosaceae

Y
Y
Y
Y
Y
Y
Y
Y

Table A2. List of species present at Rorippa columbiae Buck Creek Tributary study site
in summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
ACMI2
AGROS2
ALAEA
BESY
CATA2
CAREX
CANE2
DELPH
DEDA
ELQU2
EPBR3
EUPHO
GNPA
HOBR2
JUNCU
JUOC
LOUN
NALE
PHDI3
POBU
RICE
ROCO3
ROCU
RUCR
TAOF

Scientific Name

Common Name

Family

Native

Achillea millefolium
Agrostis sp.
Alopecurus aequalis
Beckmannia syzigachne
Camissonia tanacetifolia
Carex sp.
Carex nebrascensis
Delphinium sp.
Deschampsia
danthonioides
Eleocharis quinqueflora
Epilobium brachycarpum
Euphorbia sp.
Gnaphalium palustre
Hordeum brachyantherum
Juncus sp.
Juniperus occidentalis
Lotus unifoliolatus
Navarretia leucocephala
Phlox diffusa
Poa bulbosa
Ribes cereum
Rorippa columbiae
Rorippa curvisiliqua
Rumex crispus
Taraxacum officinale

common yarrow
bentgrass
shortawn foxtail
American sloughgrass
tansyleaf evening primrose
sedge
Nebraska sedge
larkspur

Asteraceae
Poaceae
Poaceae
Poaceae
Onagraceae
Cyperaceae
Cyperaceae
Ranunculaceae

Y
Y/N
Y
Y
Y
Y
Y
Y

annual hairgrass

Poaceae

Y

fewflower spikerush
tall annual willowherb
spurge
western marsh cudweed
meadow barley
rush
western juniper
American bird's-foot trefoil
whitehead navarretia
spreading phlox
bulbous bluegrass
wax currant
Columbia yellowcress
curvepod yellowcress
curly dock
common dandelion

Cyperaceae
Onagraceae
Euphorbiaceae
Asteraceae
Poaceae
Juncaceae
Cupressaceae
Fabaceae
Polemoniaceae
Polemoniaceae
Poaceae
Grossulariaceae
Brassicaceae
Brassicaceae
Polygonaceae
Asteraceae

Y
Y
Y/N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
N
N
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Table A3. List of species present at Rorippa columbiae Dam’s Meadow study site in
summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
AGGL
ARTR2
BRTE
CAREX
COSE16
DEDA
DEEL
ELEOC
ELEL5
ELTR7
EPBR3
EPCI
EQUIS
GLST
JUARL
LEMNA
LOUN
MIGR
MIGU
NAVAR
POGR9
PUTR2
ROCO3
ROCU
STPI6
TAOF
TRWO
VEAM2
VIOLA

Scientific Name
Agoseris glauca
Artemesia tridentata
Bromus tectorum
Carex sp.
Cornus sericea
Deschampsia danthonioides
Deschampsia elongata
Eleocharis sp.
Elymus elymoides
Elymus trachycaulus
Epilobium brachycarpum
Epilobium ciliatum
Equisetum sp.
Glyceria striata
Juncus arcticus ssp. littoralis
Lemna sp.
Lotus unifoliolatus
Microsteris gracilis
Mimulus guttatus
Navarretia sp.
Potentilla gracilis
Purshia tridentata
Rorippa columbiae
Rorippa curvisiliqua
Stachys pilosa
Taraxacum officinale
Trifolium wormskioldii
Veronica americana
Viola sp.

Common Name

Family

Native?

pale agoseris
big sagebrush
cheatgrass
sedge
redosier dogwood
annual hairgrass
slender hairgrass
spikerush
squirreltail
slender wheatgrass
tall annual willowherb
fringed willowherb
horsetail
fowl mannagrass
mountain rush
duckweed
American bird's-foot trefoil
slender phlox
seep monkeyflower
pincushionplant
slender cinquefoil
antelope bitterbrush
Columbia yellowcress
curvepod yellowcress
hairy hedgenettle
common dandelion
cows clover
American speedwell
violet

Asteraceae
Asteraceae
Poaceae
Cyperaceae
Cornaceae
Poaceae
Poaceae
Cyperaceae
Poaceae
Poaceae
Onagraceae
Onagraceae
Equisetaceae
Poaceae
Juncaceae
Lemnaceae
Fabaceae
Polemoniaceae
Scrophulariaceae
Polemoniaceae
Rosaceae
Rosaceae
Brassicaceae
Brassicaceae
Lamiaceae
Asteraceae
Fabaceae
Scrophulariaceae
Violaceae

Y
Y
N
Y
Y
Y
Y
Y/N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
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Table A4. List of species present at Rorippa columbiae Featherbed Lake study site in
summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
ARCHI4
BLEPH2
BRTE

Scientific Name

Common Name

Family

Native

Arnica chamissonis var. incana
Blepharipappus sp.
Bromus tectorum

Asteraceae
Asteraceae
Poaceae

Y
Y
N

CAAN14

Camissonia andina

Onagraceae

Y

CATA2

Camissonia tanacetifolia

Onagraceae

Y

CAREX
CHDE
DEPI
EPBR3
ELEL5
ERBL
FEID
JUNCU
LEPID
MIGR
PASM
POTEN
ROCO3
TINU2

Carex sp.
Chenopodium dessicatum
Descurainia pinnata
Epilobium brachycarpum
Elymus elymoides
Erigeron bloomeri
Festuca idahoensis
Juncus sp.
Lepidium sp.
Microsteris gracilis
Pascopyrum smithii
Potentilla sp.
Rorippa columbiae
Tiquilia nuttallii

Chamisso arnica
blepharipappus
cheatgrass
Blackfoot River
evening primrose
tansyleaf evening
primrose
sedge
aridland goosefoot
western tansymustard
tall annual willowherb
squirreltail
scabland fleabane
Idaho fescue
rush
pepperweed
slender phlox
western wheatgrass
cinquefoil
Columbia yellowcress
Nuttall's crinklemat

Cyperaceae
Chenapodiaceae
Brassicaceae
Onagraceae
Poaceae
Asteraceae
Poaceae
Juncaceae
Brassicaceae
Polemoniaceae
Poaceae
Rosaceae
Brassicaceae
Boraginaceae

Y
Y
Y
Y
Y
Y
Y
Y
Y/N
Y
Y
Y
Y
N
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Table A5. List of species present at Rorippa columbiae Foley Lake study site in summer
2016. Red text indicates taxon was present in transect quadrats; black text indicates taxon
was absent in transect quadrats (Kentnesse 2017).
Plant
Code
AGGL
ARCA13
BRTE
CATA2
CATA
COLI2
DRVE2
DOEL
ELPA3
ELQU2
ELEL5
EPPY4
FEID
GNPA
GREB
IVAX
JUNCU
MIGR
MONU

Scientific Name

Agoseris glauca
Artemisia cana
Bromus tectorum
Camissonia tanacetifolia
Carex tahoensis
Collomia linearis
Draba verna
Downingia elegans
Eleocharis palustris
Eleocharis quinqueflora
Elymus elymoides
Epilobium pygmaeum
Festuca idahoensis
Gnaphalium palustre
Gratiola ebracteata
Iva axillaris
Juncus sp.
Microsteris gracilis
Monolepis nuttaliana
Navarretia leucocephala ssp.
NALEM
minima
PASM
Pascopyrum smithii
PHTH
Phacelia thermalis
POA
Poa sp.
POSE
Poa secunda
PLAGI
Plagiobothrys sp.
POLYG4
Polygonum sp.
PSBR
Psilocarphus brevissimus
ROCO3
Rorippa columbiae
SAAR25
Salvia argentea

Common Name

Family

Native

pale agoseris
silver sagebrush
cheatgrass
tansyleaf evening primrose
Tahoe sedge
tiny trumpet
spring draba
elegant calicoflower
common spikerush
fewflower spikerush
squirreltail
smooth spike-primrose
Idaho fescue
western marsh cudweed
bractless hedgehyssop
povertyweed
rush
slender phlox
Nuttall's povertyweed

Asteraceae
Asteraceae
Poaceae
Onagraceae
Cyperaceae
Polemoniaceae
Brassicaceae
Campanulaceae
Cyperaceae
Cyperaceae
Poaceae
Onagraceae
Poaceae
Asteraceae
Scrophulariaceae
Asteraceae
Juncaceae
Polemoniaceae
Chenopodiaceae

Y
Y
N
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

least navarretia

Polemoniaceae

Y

western wheatgrass
heated phacelia
bluegrass
Sandberg bluegrass
popcornflower
knotweed
short woollyheads
Columbia yellowcress
silversage

Poaceae
Hydrophyllaceae
Poaceae
Poaceae
Boraginaceae
Polygonaceae
Asteraceae
Brassicaceae
Lamiaceae

Y
Y
Y/N
Y
Y
Y/N
Y
Y
N
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Table A6. List of species present at Rorippa columbiae Klamath Lake Land Trust study
site in summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
ALPR3
ARCHI4
ARCA13
CATA2
CAVE6
CIAR4
ELRE4
EPPY4
GNPA
HEAU
HOJU
JUNCU
LASE

Scientific Name

Common Name

Family

Native

Alopecurus pratensis
Arnica chamissonis var. incana
Artemisia cana
Camissonia tanacetifolia
Carex vesicaria
Cirsium arvense
Elymus repens
Epilobium pygmaeum
Gnaphalium palustre
Helenium autumnale
Hordeum jubatum
Juncus sp.
Lactuca serriola

Poaceae
Asteraceae
Asteraceae
Onagraceae
Cyperaceae
Asteraceae
Poaceae
Onagraceae
Asteraceae
Asteraceae
Poaceae
Juncaceae
Asteraceae

N
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
N

LOUN

Lotus unifoliolatus

Fabaceae

Y

NAVAR
PENST
PHAR3
PLMO
PLSC2
PRVU
PSBR
ROCO3
ROCU

Navarretia sp.
Penstemon sp.
Phalaris arundinacea
Plagiobothrys mollis
Plagiobothrys scouleri
Prunella vulgaris
Psilocarphus brevissimus
Rorippa columbiae
Rorippa curvisiliqua
Rorippa palustris ssp.
fernaldiana
Rumex crispus
Symphyotrichum spathulatum
Taraxacum officinale
Tripleurospermum perforatum
Veronica peregrina ssp.
xalapensis

meadow foxtail
Chamisso arnica
silver sage
tansyleaf evening primrose
inflated sedge
Canada thistle
quackgrass
smooth spike-primrose
western marsh cudweed
common sneezeweed
foxtail barley
rush
prickly lettuce
American bird's-foot
trefoil
pincushionplant
beardtongue
reed canarygrass
soft popcornflower
Scouler's popcornflower
common selfheal
short woollyheads
Columbia yellowcress
curvepod yellowcress

Polemoniaceae
Scrophulariaceae
Poaceae
Boraginaceae
Boraginaceae
Lamiaceae
Asteraceae
Brassicaceae
Brassicaceae

Y
Y
N
Y
Y
Y
Y
Y
Y

Fernald’s yellowcress

Brassicaceae

Y

curly dock
western mountain aster
common dandelion
scentless false mayweed

Polygonaceae
Asteraceae
Asteraceae
Asteraceae

N
Y
N
N

hairy purslane speedwell

Scrophulariaceae

Y

ROPAF2
RUCR
SYSP
TAOF
TRPE21
VEPEX2
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Table A7. List of species present at Rorippa columbiae Paulina Marsh study site in
summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
ACHY
ALPR3
BESY
BRTE
CHDO
CATA2
CAAT3
CRCI2
DEPI
ELEL5
ERCI6
EUPHO
LEMU4
ERNA10
HOJU
JUNCU
LECI4
ARAN7
PONE7
ROCO3
RACY
RUAC3
RUCR
SATR12

Scientific Name

Common Name

Family

Native

Achnatherum hymenoides
Alopecurus pratensis
Beckmannia syzigachne
Bromus tectorum
Chaenactis douglasii
Camissonia tanacetifolia
Carex athrostachya
Cryptantha circumscissa
Descurainia pinnata
Elymus elymoides
Erodium cicutarium
Euphorbia sp.
Leymus × multiflorus
Ericameria nauseosa
Hordeum jubatum
Juncus sp.
Leymus cinereus
Potentilla anserina
Potentilla newberryi
Rorippa columbiae
Ranunculus cymbalaria
Rumex acetosella
Rumex crispus
Salsola tragus

indian ricegrass
meadow foxtail
American sloughgrass
cheatgrass
dustymaiden
tansyleaf evening primrose
slenderbeak sedge
cushion cryptantha
western tansymustard
squirreltail
redstem stork’s bill
spurge
wildrye
rubber rabbitbrush
foxtail barley
rush
basin wildrye
silverweed cinquefoil
Newberry's cinquefoil
Columbia yellowcress
alkali buttercup
common sheep sorrel
curly dock
prickly Russian thistle

Poaceae
Poaceae
Poaceae
Poaceae
Asteraceae
Onagraceae
Cyperaceae
Boraginaceae
Brassicaceae
Poaceae
Geraniaceae
Euphorbiaceae
Poaceae
Asteraceae
Poaceae
Juncaceae
Poaceae
Rosaceae
Rosaceae
Brassicaceae
Ranunculaceae
Polygonaceae
Polygonaceae
Chenopodiaceae

Y
N
Y
N
Y
Y
Y
Y
Y
Y
Y
Y/N
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
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Table A8. List of species present at Rorippa columbiae Seput Land Exchange study site
in summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
AGST2
ALPR3
BRTE
ELRE4
EPBR3
EPCI
GNPA
JUNCU
MEAR4
NALE
PHAR3
POA
POPR
POBI7
ROCO3
ROCU
SIOR
TRIFO

Scientic Name

Common Name

Family

Native

Agrostis stolonifera
Alopecurus pratensis
Bromus tectorum
Elymus repens
Epilobium brachycarpum
Epilobium ciliatum
Gnaphalium palustre
Juncus sp.
Mentha arvensis
Navarretia leucocephala
Phalaris arundinacea
Poa sp.
Poa pratensis
Potentilla biennis
Rorippa columbiae
Rorippa curvisiliqua
Sidalcea oregana
Trifolium sp.

creeping bentgrass
meadow foxtail
cheatgrass
quackgrass
tall annual willowherb
fringed willowherb
western marsh cudweed
rush
wild mint
whitehead navarretia
reed canarygrass
bluegrass
Kentucky bluegrass
biennial cinquefoil
Columbia yellowcress
curvepod yellowcress
Oregon checkerbloom
clover

Poaceae
Poaceae
Poaceae
Poaceae
Onagraceae
Onagraceae
Asteraceae
Juncaceae
Lamiaceae
Polemoniaceae
Poaceae
Poaceae
Poaceae
Rosaceae
Brassicaceae
Brassicaceae
Malvaceae
Fabaceae

N
N
N
N
Y
Y
Y
Y
Y
Y
N
Y/N
N
Y
Y
Y
Y
Y/N
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Table A9. List of species present at Rorippa columbiae Silver Lake (extirpated) study
site in summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
AMARA
AGCR
ARDO3
BRAR5
BRTE
CATA2
CHAL7
CHRYS9
ELRE4
EPBR3
ERNA10
ERCI6
HOJU
JUARL
LIAQ
MEAL6
POPR
POMO5
POTAM
PONE7
SATR12
RUCR

Scientific Name

Common Name

Family

Native

Amaranthus sp.
Agropyron cristatum
Artemisia douglasiana
Bromus arvensis
Bromus tectorum
Camissonia tanacetifolia
Chenopodium album
Chrysothamnus sp.
Elymus repens
Epilobium brachycarpum
Ericameria nauseosa
Erodium cicutarium
Hordeum jubatum
Juncus balticus
Limosella aquatica
Mentzelia albicaulis
Poa pratensis sp.
Polypogon monspeliensis
Potamogeton sp.
Potentilla newberryi
Salsola tragus
Rumex crispus sp.

pigweed
crested wheatgrass
Douglas’ sagewort
field brome
cheatgrass
tansyleaf evening primrose
lambsquarters
rabbitbrush
quackgrass
tall annual willowherb
rubber rabbitbrush
redstem stork's bill
foxtail barley
mountain rush
water mudwort
whitestem blazingstar
Kentucky bluegrass
annual rabbitsfoot grass
pondweed
Newberry's cinquefoil
prickly Russian thistle
curly dock

Amaranthaceae
Poaceae
Asteraceae
Poaceae
Poaceae
Onagraceae
Chenopodiaceae
Asteraceae
Poaceae
Onagraceae
Asteraceae
Geraniaceae
Poaceae
Juncaceae
Scrophulariaceae
Loasaceae
Poaceae
Poaceae
Potamogetonaceae
Rosaceae
Chenopodiaceae
Polygonaceae

Y/N
N
Y
N
N
Y
N
Y
N
Y
Y
N
Y
Y
Y
Y
N
N
Y/N
Y
N
N
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Table A10. List of species present at Rorippa columbiae Sprague River Main study site
in summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Code
AGEX
ALPR3
ARAN 7
ARCA13
CATA2
CAAT3
COLLO
ELRE4
EPBR3
EQUIS
GNPA
HOBR2
LASE
LOUN
MEAR4
MIGR
PENST
PHAR3
PLSC2
POBI7
ROCO3
SYSP
THAR5
VEPE2

Scientific Name

Common Name

Family

Native

Agrostis exarata
Alopecurus pratensis
Argentina anserina
Artemisia cana
Camissonia tanacetifolia
Carex athrostachya
Collomia sp.
Elymus repens
Epilobium brachycarpum
Equisetum sp.
Gnaphalium palustre
Hordeum brachyantherum
Lactuca serriola
Lotus unifoliolatus
Mentha arvensis
Microsteris gracilis
Penstemon sp.
Phalaris arundinacea
Plagiobothrys scouleri
Potentilla biennis
Rorippa columbiae
Symphyotrichum spathulatum
Thlaspi arvense
Veronica peregrina

spike bentgrass
meadow foxtail
silverweed cinquefoil
silver sage

Poaceae
Poaceae
Rosaceae
Asteraceae

Y
N
Y
Y

tansyleaf evening primrose
slenderbeak sedge
trumpet
quackgrass
tall annual willowherb
horsetail
western marsh cudweed
meadow barley
prickly lettuce
American bird's-foot trefoil
wild mint
slender phlox
beardtongue
reed canarygrass
Scouler’s popcornflower
biennial cinquefoil
Columbia yellowcress
western mountain aster
field pennycress
neckweed

Onagraceae
Cyperaceae
Polemoniaceae
Poaceae
Onagraceae
Equisetaceae
Asteraceae
Poaceae
Asteraceae
Fabaceae
Lamiaceae
Polemoniaceae
Scrophulariaceae
Poaceae
Boraginaceae
Rosaceae
Brassicaceae
Asteraceae
Brassicaceae
Scrophulariaceae

Y
y
Y
N
Y
Y
Y
Y
N
Y
Y
Y
Y
N
Y
Y
Y
Y
N
Y
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Table A11. List of species present at Rorippa columbiae Stukel Mountain study site in
summer 2016. Red text indicates taxon was present in transect quadrats; black text
indicates taxon was absent in transect quadrats (Kentnesse 2017).
Plant
Scientific Name
Code
CIAR4
Cirsium arvense
DOWNI
Downingia sp.
ELEOC
Eleocharis sp.
EPPY4
Epilobium pygmaeum
GNPA
Gnaphalium palustre
NALE
Navarretia leucocephala
PLMO
Plagiobothrys mollis
POAV
Polygonum aviculare
POPO
Polygonum polygaloides
PSBR
Psilocarphus brevissimus
ROCO3
Rorippa columbiae
SPAR
Spergula arvensis
VEDU
Ventenata dubia
VEPEX2 Veronica peregrina ssp. xalapensis

Common Name

Family

Native

Canada thistle
calicoflower
spikerush
smooth spike-primrose
western marsh cudweed
whitehead navarretia
soft popcornflower
prostrate knotweed
milkwort knotweed
short woollyheads
Columbia yellowcress
corn spurry
North Africa grass
hairy purslane speedwell

Asteraceae
Campanulaceae
Cyperaceae
Onagraceae
Asteraceae
Polemoniaceae
Boraginaceae
Polygonaceae
Polygonaceae
Asteraceae
Brassicaceae
Caryophyllaceae
Poaceae
Scrophulariaceae

N
Y
Y/N
Y
Y
Y
Y
N
Y
Y
Y
N
N
Y

