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Golden paintbrush (Castilleja levisecta Greenman) historically inhabited the
prairies of the Willamette Valley, Oregon. However, this Pacific Northwest endemic is
currently restricted to eleven sites in the Puget Trough of Washington and British
Columbia. Recovery criteria call for the establishment of new populations throughout the
species historic range, including the Willamette Valley. In order to facilitate
reintroduction to this region, we examined: (1) habitat characteristics of potential C.
levisecta recovery sites in the Willamette Valley and compared them to remaining
populations in the Puget Trough, (2) a suite of ecological and genetic factors likely to
contribute to reintroduction success using common garden experiments, and (3) how the
performance of this rare hemiparasite was affected by the availability of different host
combinations in the greenhouse and in the field.

Potential C. levisecta reintroduction sites in the Willamette Valley had distinct
vegetation communities and soil characteristics compared with remaining populations in
the Puget Trough. This disparity was likely related to regional differences in geology,
climate, ocean proximity, and land-use history. Many of the species indicative of
remaining populations in the Puget Trough were native perennials, while those of

potential reintroduction sites in the Willamette Valley were introduced annuals. Soil

characteristics of C. levisecta sites were also distinct among the two ecoregions. Puget




Trough sites were located on sandy soils with generally high levels of magnesium and
sulfur, while Willamtte Valley sites were found on silty-clay soils with high
concentrations of potassium and phosphorous. Differences in soil texture, and
magnesium and potassium concentrations were associated with plant community
divergence among the two regions.

Decisions regarding seed source and recovery site selection are especially difficult
in portions of a species range that are uninhabited, as no reference populations exist with
which to compare ecological information. Using common garden experiments, we tested
hypotheses about how C. levisecta transplants would perform in relation to the ecological
similarity between seed source and introduction site, the effective population size and
genetic diversity of seed sources, and the habitat quality of the recovery site. We
observed significant variation in performance measures among source populations and
common garden sites. Plant community characteristics, including the abundance of non-
native species and the similarity in community structure between source populations and
common garden sites, helped explain the variation in these performance measures.

Exotic species cover at common garden sites was associated with a reduction in
performance of first year C. levisecta transplants. Survival of second year transplants
increased with increasing similarity in plant functional groups between source and
common garden sites, supporting the idea of a “home-habitat advantage.” These results
indicate that high quality prairies, dominated by native perennial species with low non-
native abundance, should be targeted for recovery sites. We recommend using plant
material from Whidbey Island, WA, whose three populations represented in our study
consistently performed well.

Rare, parasitic plants pose an interesting challenge to restoration practitioners.

We examined how the performance of C. levisecta was affected by the availability of |
different host combinations in the greenhouse and in the field. Castilleja levisecta

individuals were grown with two grass individuals (Festuca roemeri, Poaceae), two non-

grass hosts (Eriophyllum lanatum; Asteraceae), one individual of each of these species, or

without a host. Our greenhouse results provide little support for the complimentary diet

hypothesis, which states that parasites grown with multiple host species perform better

than individuals grown alone or with a single host. Castilleja levisecta individuals grown



with two different species performed better than those co-planted only with F. roemeri,
but did not differ from E. lanatum or no-host treatments. In the field, vole activity had
indirect effects on C. levisecta survival mediated through host species. Vole tunneling
and C. levisecta mortality were strongly associated with host treatments including .
lanatum. Field survival was significantly higher among no-host C. levisecta individuals
than those grown with E. lanatum or mixed host treatments. We do not suggest co-
planting C. levisecta with E. lanatum in the field. Although no-host C. levisecta
individuals had the greatest first year field survival, we suspect that perennial host plants
will be beneficial to future survival. Therefore, we recommend planting C. levisecta in

the Willamette Valley, OR with F. roemeri.
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Studies to Facilitate Reintroduction of Golden Paintbrush (Castilleja levisecta) to the
WillametteValley, Oregon

Chapter 1 : Introduction

Species reintroduction is a growing component of conservation efforts
worldwide. As defined by The World Conservation Union, reintroduction is “an
attempt to establish a species in an area which was once part of its historical range, but
from which it has been extirpated or become extinct” (IUCN 1998). Reintroduction is
an exciting component of species recovery, with both theoretical and practical
applications. Reintroduction efforts can serve as an “acid test for population biology”
(Sarrazin & Barbault 1996), with ecological theory and population biology providing
the framework within which reintroduction work is conducted, and an applied context
for which to test ecological hypotheses The science of species reintroduction is still in
its infancy, and is increasingly prescribed as a method to promote species survival.
Therefore, ex situ conservation efforts need to be practiced within an experimental
framework so that we can learn from our “failures,” evaluate management options,
and produce a documented outcome that can be applied to other organisms of concern
in the conservation community

While habitat preservation and protection of threatened populations are
paramount, the need for restorative action often requires off site conservation efforts to
complement in situ efforts. Reintroduction or augmentation of populations was
recommended in recovery plans for 87% of federally listed plant species to achieve
recovery criteria in 1997 (Kennedy 2004). However, despite numerous efforts, few, if
any, reintroduction attempts can yet be judged as true successes (Bowles & McBride
1996; Bowles et al. 2001; Guerrant 1996b; Pavlik & Espeland 1998; Pavlik et al.
1993). Although success can be defined in many ways, the primary goal of species
reintroduction is to establish resilient populations, capable of self-maintenance in the
face of evolutionary change. Limited understanding of the biological mechanisms
associated with ecological, genetic, and horticultural dimensions during species

introduction often restricts our ability to realize this goal.



Golden paintbrush (Castilleja levisecta Greenman) is a federally endangered
hemiparasite that has been extirpated from the southern portion of its historic
distribution. Reintroduction of viable populations to this region will require
thoughtful consideration of appropriate seed sources and recovery sites, as well as the
host needs of the species. This thesis work has been conducted in an effort to
contribute to the biological understanding of species reintroduction, as well as to
facilitate future reintroduction endeavors for C. levisecta, a Pacific Northwest prairie

endemic.

STUDY SYSTEM

Golden paintbrush is an herbaceous perennial, native to the grasslands of the
Pacific Northwest. Although populations once extended from the coastal bluffs and
islands of British Columbia to the Willamette Valley of Oregon, this species is
completely extirpated from the southern portion of its historic range, including the
state of Oregon and from southwestern Washington. At least 30 populations once
inhabited the Pacific Northwest, though the species is now restricted to 11 sites in the
Puget Trough of Washington and British Columbia (Figure 1-1). Castilleja levisecta
is currently listed as a federally threatened species under the Endangered Species Act
(U.S.F.W.S. 1997). Recovery criteria for the species include the existence of twenty
populations, each composed of a five-year running average of 1,000 flowering
individuals (U.S.F.W.S. 2000). Castilleja levisecta has limited capacity for natural
dispersal and colonization of new sites, necessitating the creation of new populations
to meet recovery goals. A strategic reintroduction plan has been prepared to support
the long-term viability of the species and calls for the establishment of new
populations within the species’ historic range, including the Willamette Valley of
Oregon (Caplow 2004).







1949; Swan 1857). Increased pioneer settlement of the Pacific Northwest resulted in
complete cessation of native-set fires by the mid 1840s (Boyd 1986). Remaining
prairies are a mosaic of their former distribution and have been largely degraded by
fire suppression, encroaching woody vegetation, and invasive species (Chappell &
Crawford 1997; Chappell et al. 2000; MacDougall et al. 2004).

The prairies of the Pacific Northwest are considered one of most critically
endangered ecosystems in the country (Noss et al. 1995). Many species associated
with this habitat are of conservation concern due to declining populations, local
extirpation, or close associations with the declining habitat (Chappell et al. 2000). In
the southern Puget Sound region, 31 species of concern are associated with prairie
habitats including 13 butterflies, 12 birds, three mammals, and three wildflower
species (Rolph 1997). Federally listed species include Mardon skipper (Polites
mardon), Mazama pocket gopher (Thomomys mazama), white-topped aster (A4ster

curtus), and golden paintbrush (Castilleja levisecta).

OBJECTIVES & RATIONALE

To facilitate C. levisecta reintroduction in the Willamette Valley, we conducted
studies investigating the (1) habitat variation throughout the historic range of C. levisecta,
(2) appropriate seed sources and recovery sites for reintroduction of C. /evisecta to the
Willamette Valley, OR, and (3) direct and indirect effects of host use in C. levisecta. We

also provide a description of the propagation methods we used.

Habitat variation throughout the historic range of C, levisecta

Decisions regarding C. levisecta seed source and recovery site selection will be
especially difficult in the Willamette Valley, OR, as no reference populations exist with
which to compare habitat information. The species is currently restricted to the Puget
Trough and has not been observed in Oregon since 1938 (Gamon 1995). Although
herbarium specimens vaguely describe the locations and habitat types of historic Oregon
populations, we generally believe that C. levisecta inhabited the upland prairies of the

Willamette Valley. These prairies are grass dominated systems often associated with

Quercus garryana-savanna occurring on well-drained, silty-clay soils on the valley




foothills (Franklin & Dyrness 1988). Potential C. /evisecta recovery sites in the

Willamette Valley appear to be ecologically distinct from remaining populations in the
Puget Trough. Extant populations are found primarily on sandy, well-drained soils of
glacial origin, on coastal bluffs or prairies (Chappell & Caplow 2004).

In Chapter 2 we described vegetation and soil characteristics of representative C.

levisecta recovery sites in the Willamette Valley and compare them with those of
remaining C. levisecta populations in the Puget Trough. We attempted to clarify C.

| levisecta habitat similarities and differences throughout the historic range of the species
and provided management options to account for range-wide habitat variation during

species reintroduction.

Selecting seed sources and recovery sites for reintroduction to the Willamette Valley, OR

Selecting appropriate seed sources and recovery sites for reintroduction to the
Willamette Valley will be particularly challenging because (a) there are no reference
populations in this region with which to compare ecological and genetic characteristics,
and (b) potential recovery sites are geographically and ecologically distant from remaining
C. levisecta populations. The origin of source material used to establish new plant
populations is a controversial issue in conservation biology. Ecological similarity
between source and introduced populations may be critical because populations may be
adapted to specific habitat conditions and selective pressures (Guerrant 1996a; Huenneke
1991; Hufford & Mazer 2003). Selecting recovery sites that are ecologically similar to the
seed source may improve the chances of reintroduction success. Genetic characteristics of
the seed source may also be good predictors of plant fitness, as population genetic theory
predicts individuals from large, genetically diverse populations will be more fit than those
from small, genetically depauperate populations (Young et al. 1996). Further, much of the
remaining habitat in the Willamette Valley is degraded and dominated by exotic plants,
which may limit reintroduction success.

In Chapter 3, we examined a suite of ecological and genetic factors likely to
contribute to C. levisecta reintroduction success and made recommendations on
appropriate seed sources and recovery sites in the Willamette Valley. Using common

garden experiments, we tested specific hypotheses about how C. levisecta transplants

S




would perform in relation to the (1) ecological and geographic distance between seed
source and introduction site, (2) effective population size and genetic diversity of seed

sources, and (3) habitat quality of the recovery site.

Direct and indirect effects of C. levisecta host use

Rare, parasitic plants pose an interesting challenge to restoration practitioners.
In addition to the problems associated with small population size, rare parasites may
also be limited by their host requirements. Castilleja levisecta is a facultative hemi-
parasite, capable of forming physical connections with root systems of several
common Pacific Northwest prairie species (Kaye 2001; Wentworth 2001).
Interactions between plant parasites and host species can have direct and indirect
effects on both host and parasite performance, as well as their pollinators (Adler et al.
2001) and herbivores (Adler 2002; Adler 2003; Adler et al. 2001; Marko 1996;
Marvier 1996). In the wild, hemiparasitic plants often parasitize several hosts
simultaneously (Gibson & Watkinson 1989; Matthies 1996). The complimentary diet
hypothesis proposes that generalist consumers perform better on a mixed diet relative
to a homogenous diet, due to improved nutrient balance and/or dilution of toxic
secondary plant compounds (Bernays et al. 1994).

Several studies have examined the host requirements of C. levisecta (Kaye
2001; Wayne 2004; Wentworth 2001), but clarification of its host requirements in a
restoration context is necessary before large scale reintroduction efforts are pursued.
In Chapter 4, we tested the complimentary diet hypothesis and examined how the
performance of C. levisecta was affected by the availability of different host
combinations in the greenhouse and in the field. Castilleja levisecta individuals were
grown with two grass individuals (Festuca roemeri; Poaceae), two non-grass hosts
(Eriophyllum lanatum; Asteraceae), one individual of each of these species, or without

a host.

Propagation of C. levisecta

Mass propagation of C. levisecta was necessary to perform the experimental work

presented in Chapters 3 and 4, and will be an important component of future




reintroduction efforts. Volunteers working with The Nature Conservancy in Washington
have had difficulty growing this species in the past; we have been asked on several
occasions for advice on appropriate germination methods, growing conditions, etc. The
North American Rock Garden Society asked us write an article for the Rock Garden
Quarterly about Castilleja spp. propagation methods in January 2005. In Chapter S, we
present an adapted version of this article (Lawrence & Kaye 2005) that provides detailed

propagation methods for C. Jevisecta.
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Chapter 2 : Habitat variation throughout the historic range of golden paintbrush
(Castilleja levisecta), a Pacific Northwest prairie endemic: Implications for
reintroduction

ABSTRACT

Decisions regarding seed source and recovery site selection are especially
difficult in portions of a species range that are uninhabited, as no reference
populations exist with which to compare ecological information. Although golden
paintbrush (Castilleja levisecta Greenman) historically inhabited the prairies of the
Willamette Valley, Oregon, this Pacific Northwest prairie endemic is currently
restricted to eleven sites in the Puget Trough of Washington and British Columbia.
Recovery criteria call for the establishment of new populations throughout the species
historic range, including the Willamette Valley. We described vegetation and soil
characteristics of representative C. levisecta recovery sites in the Willamette Valley
and compared them with those of remaining C. levisecta populations in the Puget
Trough.

Potential C. levisecta habitat in the Willamette Valley was ecologically distant
from remaining populations. This disparity was likely related to regional differences
in geology, climate, ocean proximity, and land-use history. Many of the species
indicative of remaining populations in the Puget Trough were native perennials, while
those of potential reintroduction sites in the Willamette Valley were introduced
annuals. Soil characteristics of C. levisecta sites were also distinct among the two
ecoregions. Puget Trough sites were located on sandy soils with generally high levels
of magnesium and sulfur, while Willamette Valley sites were found on silty-clay soils
with high concentrations of potassium and phosphorous. Differences in soil texture,
and magnesium and potassium concentrations were associated with plant community
divergence among the two regions. We suggest using a plant functional group
approach when comparing vegetation assemblages among Puget Trough and
Willamette Valley sites, which allows comparison of taxonomically distinct

communities that share ecological characteristics.

INTRODUCTION
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As defined by The World Conservation Union, reintroduction is “an attempt to
establish a species in an area which was once part of its historical range, but from
which it has been extirpated or become extinct” (IUCN 1998). Successful plant
reintroduction requires evaluation of the species’ physical and biological habitat
(Fiedler & Laven 1996) because selection of appropriate seed sources and recovery
sites is crucial when implementing a recovery strategy (McKay et al. 2005). Habitat
similarity among seed sources and prospective planting sites is important because
populations may be adapted to specific habitat conditions and selective pressures
(Guerrant 1996; Guerrant & Pavlik 1998; Huenneke 1991; Hufford & Mazer 2003).
Choosing an introduction site that closely matches the source site (i.e., soil, vegetation,
and climate) increases the likelihood that introduced plants will be genetically well-
adapted to the site, and in turn, that introduction will succeed (Bowles et al. 1993;
Montalvo & Ellstrand 2000; Pavlik et al. 1993).

Decisions regarding the suitability of seed sources and recovery sites can be
particularly challenging in portions of a species range that are currently uninhabited,
as no reference populations exist with which to compare ecological and genetic
characteristics. Further, substantial changes in ecosystem function, including habitat
loss, invasion, and alterations to the disturbance regime, will likely have occurred
since the species was last observed (MacDougall et al. 2004). Golden paintbrush
(Castilleja levisecta; Orobanchaceae) is a federally endangered plant endemic to the
prairies of the Pacific Northwest and currently extinct in the southern portion of its
historic range, which includes the Willamette Valley, Oregon. Reintroduction of C.
levisecta to this ecoregion is a priority for its recovery (Caplow 2004; U.S.F.W.S.
2000). However, C. levisecta has not been observed in the Willamette Valley since
1938 and there is limited information about the location and site characteristics of
historic populations (Gamon 1995).

Although there are herbarium specimens from six possible historic C. levisecta
populations in the Willamette Valley, OR, the vegetation and soil characteristics of
these populations are not well understood. Herbarium records generally did not

specify the exact location or habitat characteristics of extirpated populations. Further,

much of the potential habitat in the vicinity of historic locales has been converted to
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agricultural use or developed commercially. Below are brief descriptions of
Willamette Valley collections as outlined by Gamon (1995). Castilleja levisecta was
first collected in Oregon in 1905 in Bonneville, Multnomah County by an unidentified
collector. Potential habitat in this area was likely destroyed with construction of the
Bonneville Dam beginning in 1937. There are three collections from Marion County,
OR; Peck collected C. levisecta in 1910 from “damp open ground, Salem,” and J.C.
Nelson made two 1916 collections and labeled specimens as “wet meadow, Salem,”
and “wet meadow, 3 miles south of Salem.” There are four C. levisecta collections
from Linn County, OR. A 1922 specimen from an unknown collector simply states
the location as “Brownsville.” Similarly, there is also a vague 1929 collection from
“Lebanon, OR.” There are two C. levisecta collections from Peterson Butte in 1938;
E.M. Harvey collected C. levisecta in a prairie along a stream at the south-west base of
Peterson’s Butte, and Whitaker collected the plant at “Peterson Butte Cemetery.” We
recently visited Sand Ridge Cemetery which is located on the south-west flank of
Peterson’s Butte and observed gravelly soils that appeared to be well-drained and
several prairie species including Camassia quamash, Dodecatheon hendersonii,
Frittilaria lanceolata, and Danthonia californica found. It is possible that Sand Ridge
Cemetery is the same site as Whitakers’s “Peterson Butte Cemetery.”

Based on these records and our observations, it appears that C. levisecta
inhabited the once abundant grasslands of the Willamette Valley that were maintained
by fire initiated by Native Americans (Boyd 1986). Several of the specimens describe
the collection sites as damp or moist, but it is not clear whether these populations
occurred in wetland prairies with poor drainage, or in upland prairies associated with
well-drained soils. Collections were generally made in spring (i.e., May) when soils
were likely still saturated. The collections from “Bonneville” and “3 miles south of
Salem™ suggest that C. levisecta was potentially associated with riverine gravel
outwashes of the Columbia and Sanitiam Rivers respectively. We believe that C.
levisecta historically inhabited upland prairies in the Willamette Valley, because all of
the remaining populations in the Puget Trough are associated with sandy, well-drained

soils of glacial origin prairies (Chappell & Caplow 2004). In general, potential

recovery sites in the Willamette Valley are grass-dominated systems associated with
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Quercus garryana-savanna, commonly found on the valley foothills (Franklin &
Dyrness 1988). The unglaciated soils of Willamette Valley upland prairies are
generally composed of clay and silt from weathering basalt and are considered to be
well-drained.

Here, we describe the variation in habitat characteristics among potential
recovery sites in the Willamette Valley, OR and several extant C. levisecta
populations located in the Puget Trough ecoregion. We examine plant communities
and soil characteristics of experimental C. levisecta reintroduction sites and source
populations used in a common garden study that was initiated to facilitate
management decisions regarding seed selection and recovery site criteria in the
southern portion of the species’ range (Chapter 3). Our objective is to describe
patterns of habitat differentiation among C. levisecta source populations and potential
reintroduction sites in the Willamette Valley, as well as to explore the management

implications of range-wide habitat variation for recovery efforts.

METHODS

Study sites
Six populations of C. levisecta in the remaining portion of the species’ range

were included for comparison to sites in the unoccupied, historic region in the
Willamette Valley (Table 2-1). In addition, nine sites in the Willamette Valley were
identified for sampling (Figure 2-1). These sites were also the locations of
experimental common gardens established throughout the species historic range in
2004. One additional site (Kah Tai Prairie) near Port Townsend in the Puget Trough
was also included because of its proximity to remaining populations on Whidbey
Island. The ten reintroduction sites within the species’ historic range encompassed a
diversity of soils, vegetation, and site quality, and are representative of sites likely to
be chosen for future C. levisecta reintroduction. We specifically targeted sites in the
Willamette Valley with well-drained soils, because remaining C. levisecta populations
in the Puget Trough are all found on sandy soils. Logistics also played an important
role in site selection. Under the Endangered Species Act of 1973, listed plants are
protected only on federal land. Therefore, seven of the ten potential recovery sites we

characterized were located on public land.



Table 2-1. Code, general location, habitat type, and USGS soil series mapping unit for each C. levisecta extant population and
reintroduction site. All Willamette Valley sites are experimental common garden sites. * denotes a reintroduction site in the Puget

Trough ecoregion.

Code general location Habitat Soil map unit

Puget Trough (extant populations)

Ebey’s landing EBY  Whidbey Island, WA coastal bluff Rough broken
land

Forbes Point FRB  Whidbey Island, WA coastal prairie Coveland

Rocky Prairie ROC  South Puget Trough, WA mounded prairie  Spanaway-
Nisqually

Trial Island TRL  Trial Island, B.C. coastal prairie unavailable

West Beach WEB Whidbey Island, WA coastal prairie Bozarth

Kah Tai Prairie* KAH  Port Townsend, WA upland prairie San Juan

Willamette Valley (reintroduction sites)

Basket Butte 2 BB2  Baskett Slough National Wildlife Refuge, OR  upland prairie Chehulpum

Basket Butte 3 BB3  Baskett Slough National Wildlife Refuge, OR  upland prairie Chehulpum

Basket Slough 1 BS1 Baskett Slough National Wildlife Refuge, OR  upland prairie Steiwer

Bell Fountain Prairie BEL Finley National Wildlife Refuge, OR upland prairie Jory

Heritage Seedling HER  Salem, OR restored prairie Nekia

Pigeon Butte PIG Finley National Wildlife Refuge, OR upland prairie Dixonville

Plant Materials Center PMC  Lewisburg, OR agricultural field  Amity-Woodburn

Sandy River Delta SRD  Troutdale, OR degraded prairie  Burlington

Starck STK  Dallas, OR degraded prairie  Bellpine

Sl
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Over all, we sampled 38 plots from 14 sites to describe the variation in plant

communities at current C. Jevisecta populations and potential reintroduction sites.

Soil sampling and characterization

We collected soil samples from each site, except the source population Trial
Island, in May 2004 using an impact soil corer of known volume to 15 cm depth. Ten
random samples were taken at each site and thoroughly mixed. Soil was collected
from Trial Island, B.C., on April 21, 2004 by M. Fairbarns of Aruncus Consulting,
who took two samples from each of four sampling sites following the methods of
Chappell & Caplow (2004), and sent them to us at Oregon State University. We
evaluated soils for physical (bulk density, percent sand, silt, and clay) and chemical
(organic matter, pH, total organic carbon, total nitrogen, carbon to nitrogen ratio,
nitrate, ammonium, potassium, phosphorus, manganese, magnesium, and sulfur)
parameters. The bulk density (Dy) of each sample was calculated as the oven-dry
mass (g) of the composite sample divided by its volume (cm3). Trial Island soils were
not evaluated for bulk density because an unknown volume of soil was collected. Two
sub-samples of the bulked soil from each site were analyzed for each of the other soil
parameters measured. Soil texture (% sand, silt, and clay) was calculated using the
hydrometer method. The loss on ignition method was used to determine the percent
organic matter content (% OM). We used a Lachat QuickChem 4200 analyzer with
QuickChem 10-107-06-2-A NH4 and 10-107-04-1-A NO3 to measure ammonium
(NH4) and nitrate (NO3), and Shimadzu TOC-V and Shimadzu TNM-1 to measure
total organic carbon (TOC) and total nitrogen (TN). The carbon to nitrogen ratio
(C:N) was calculated by dividing the average total organic carbon by the mean total
nitrogen for each site. All other elemental analyses were conducted using an ICP

OES-Optima 4300 DV.

Regional patterns in habitat characteristics

To identify differences among plant communities throughout the historic range
of C. levisecta, we used Indicator Species Analysis to assign an indicator value to each

species by combining the relative abundance and frequency of species from two
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predefined groups, Puget Trough and Willamette Valley (Dufrene & Legendre 1997
McCune & Grace 2002), using PC-ORD v. 4.25 (McCune & Mefford 1999).
Indicator values range from zero (no indication) to 100 (perfect indication). We
present the absolute mean cover values for the 15 species with the highest indicator
value from each site from the Puget Trough and Willamette Valley ecoregions. To
examine floristic similarities between the two regions, we present average cover
values for species that occur at no less than half of the 14 sites.

We used Nonmetric Multidimensional Scaling (NMS) to investigate patterns of
habitat differentiation among C. levisecta source populations and potential recovery
sites (Kruskal 1964; Mather 1976). Vegetation cover values were averaged within
sites, which may result in unnaturally species rich values (McCune and Grace 2002),
but was necessary for site-to-site comparisons. The “slow and thorough™ autopilot
mode setting was used in PC-ORD v. 4.25 (McCune & Mefford 1999) to ordinate C.
levisecta sites in plant species space. Soil variable vectors that were highly correlated
(r2>0.3) with axes were overlaid on top of the ordination to help explain variation

among axes.

RESULTS
Characterization of vegetation communities

Puget Trough indicator species were primarily perennial species, including
native forbs as well as introduced weeds and grasses (Table 2-2). Native perennials
that commonly occurred in low abundance (< 7%) at Puget Trough sites included
Pteridium aquilinum, Camassia quamash,Cerastium arvense, Berberis aquifolium,
Rosa nutkana, Achillea millefolium, Lomatium utriculatum, and Frittilaria lanceolata.
Festuca rubra, a fine-leaved perennial grass, occurred in moderate abundance (15% -
30%) at the Whidbey Island populations (i.e., Ebey’s Landing, Forbes Point, and West
Beach). However, it is unknown whether this species is native or introduced to this
area (Chappell & Caplow 2004). Poa pratensis, an introduced grass, was present at all
Puget Trough sites but Was particularly abundant at Forbes Point (37.5%). Introduced
perennial forb Plantago lanceolata was present at all sites with low to moderate

abundance (0.3%- 12.5%). Other prevalent introduced species at Puget Trough sites
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generally present in low abundance include perennial forbs Hypochaeris radicata,
Rumex acetosella, and Taraxicum officinale. Trifolium dubium was the only annual
indicator species among the Puget Trough sites.

Table 2-2. Puget Trough indicator species and absolute mean cover values for each

site. Exotic species are indicated with “e.” The origin of Festuca rubra in this
region is unknown. Kah Tai Prairie is a reintroduction site denoted with “ *.”

Sites
Indicator
Species Value EBY FOR ROC TRL WEB KAH*
Pteridium aquilinum 78.6 1.0 0.2 7.0 0.7 5.0 7.0
Poa pratensis® 70.1 2.0 375 1.5 3.1 3.0 1.3
Plantago lanceolata® 65.7 8.0 12.5 0.3 7.7 10.0 4.3
Hypochaeris radicata® 56.0 1.0 0.2 1.5 17 0.0 4.0
Rumex acetosella® 51.9 6.0 0.5 0.2 0.3 0.3 5.3
Camassia quamash 50.0 0.0 0.0 2.3 6.7 0.0 3.7
Cerastium arvense 50.0 3.0 0.0 0.2 0.3 0.0 0.0
Berberis aquifolium 50.0 5.0 0.7 0.0 3.7 0.0 1.0
Rosa nutkana 50.0 0.0 0.2 0.0 1.3 2.0 2.3
Trifolium dubium® 50.0 0.0 25 0.2 0.0 0.0 1.7
Achillea millefolium 449 1.0 1.7 0.8 0.2 0.3 0.0
Lomatium utriculatum 44.8 0.3 0.0 0.0 1.9 0.0 57
Anthoxanthum odoratum® 429 0.0 0.0 9.3 1.7 8.0 0.0
Festuca rubra 42.9 30.0 150 0.0 3.3 20.0 0.0
Fritillaria lanceolata 42.9 0.0 0.0 0.1 1.3 1.0 0.1
Taraxacum officinale® 42.9 0.0 0.7 0.8 0.0 0.3 0.1

Most species indicative of Willamette Valley reintroduction sites were exotic
forbs and grasses, many of which were annuals (Table 2-3). The two native indicator
species were the perennial grass Elymus glaucus, which occurred at most Willamette
Valley sites in low abundance (0.2% - 5.7%), and perennial forb Microseris laciniata,
which was present at three sites in low abundance (~1%). Annual non-native grasses
were common at Willamette Valley sites. Bromus mollis and Festuca bromoides were
prevalent, but were particularly abundant at the degraded reintroduction sites Sandy
River Delta and Stark (>10%). Other exotic annual grasses common to Willamette
Valley sites included Aira caryophyllea, which was present in low abundance at most
sites (<3%), and Bromus sterilis, which was particularly common at sites within the
Basket Slough National Wildlife Refuge (0.7% - 7%). The introduced perennial grass,
Arrhenatherum elatius, occurred at half the sites with moderate cover (8.0% - 26.3%).

Common annual weeds characteristic of disturbed sites that were present at half or
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more Willamette Valley sites included Cerastium viscosum, Myosotis discolor,
Sherardia arvensis, and Medicago lupulina (=3%). Frequently encountered exotic
perennial forbs were Vicia sativa, Cirsium vulgare, and Daucus carota, which were
present at most sites with low to moderate cover (0.7% - 10%).

The majority of species shared by Puget Trough and Willamette Valley sites
were introduced species prevalent throughout the Pacific Northwest (Table 2-4).
Several non-native perennial grasses frequently encountered in both ecoregions
include Holcus lanatus (0.1% - 4.0%), Dactylis glomerata (0.1 — 11.0%), and Poa
pratensis (0.1% - 37.5%), which was present at all but two sites. Annual exotic
grasses prevalent in C. levisecta populations and experimental reintroduction sites
were Aira caryophyllea and Bromus mollis, that generally occurred in low abundance
except at a few Willamette Valley sites. Luzula comosa was the only native graminoid
that occurred at most sites, but contributed little to total cover values (usually >1%).
Exotic perennial forbs were the predominant functional group common among Puget
Trough and Willamette Valley sites, and included the following species: Plantago
lanceolata, Vicia hirsuta, Vicia sativa, Cerastium viscosum, Hypochaeris radicata,
Rumex acetosella, Daucus carota, and Hypericum perforatum. Two native perennial
forbs shared among the two regions were Eriophyllum lanatum and Achillea

millefolium, which occurred at all but three sites with low abundance (<2%). In
general, Puget Trough sites had greater native species richness (x=212+ 3.6), and
fewer exotic species (;=15.3 + 1.1), than Willamette Valley sites (;Z 15.1 £2.9 and

x=19.2+2.0, respectively).



Table 2-3. Willamette Valley reintroduction site indicator species and absolute mean cover values for each site. Exotic
species are indicated with “e.”

Species

Cerastium viscosum®
Myosotis discolor®
Sherardia arvensis®
Arrhenatherum elatius®
Bromus mollis®
Cirsium vulgare®
Daucus carota®

Aira caryophyllea®
Bromus sterilis®
Elymus glaucus
Medicago lupulina®
Vicia sativa®
Microseris laciniata
Veronica spp.°
Festuca bromoides®

Indicator
Value

79.4
68.5
61.2
542
52.8
50.9
49.9
48.0
45.8
452
41.7
40.2
375
37.5
36.3

Sites
BS1 BB2 BB3 BEL HER PIG SRD STK
3.0 0.5 03 0.2 2.3 03 0.0 03
0.2 03 0.3 0.0 0.3 0.3 0.0 03
0.0 3.0 27 3.0 0.0 0.3 0.0 0.3
15.0 8.0 17.3 0.0 0.0 36.3 0.0 0.0
0.0 0.7 9.0 0.0 0.0 4.8 43.3 243
04 0.3 0.0 0.0 1.0 1.5 0.0 1.3
0.7 8.3 100 0.3 0.0 6.5 0.0 03
1.3 14 14 0.0 0.0 0.0 2.4 1.3
4.0 0.7 7.0 0.0 0.0 1.8 0.0 0.0
0.0 5.7 3.0 3.5 0.2 3.8 0.0 0.0
2.2 03 0.0 0.2 0.0 0.0 0.0 3.0
0.0 03 0.3 110 0.0 5.0 0.0 0.3
0.0 0.0 1.0 1.0 0.0 1.1 0.0 0.0
0.0 0.0 0.0 0.3 0.0 0.3 0.0 0.3
0.0 0.7 0.5 0.0 0.0 0.0 15.0 12.0

IC



Table 2-4. Species and cover values (%) occurring at half or more of the 14 C. levisecta sites. Cover values were averaged
among plots at each site. Species richness and constancy (i.e., percentage of sites where the species occurred) were calculated
at the site level. Exotic species are indicated with “e.” (* denotes an experimental common garden site in Puget Trough)

Puget Trough Willamette Valley

constancy EBY FOR ROC TRL WEB KAH* BS1 BB2 BB3 BEL HER PIG SRD STK
Poa pratensis® 85.7 20 375 15 3.1 3.0 1.3 33 03 03 07 00 0.1 00 23
Achillea millefolium 71.4 1.0 17 0.8 0.2 0.2 0.0 00 01 03 10 03 1.1 0.0 0.0
Plantago lanceolata® 71.4 80 125 03 77 100 4.3 00 20 08 07 00 00 0.8 0.0
Vicia hirsuta® 71.4 03 25 0.0 0.8 50 0.0 20 03 08 03 00 0.3 0.0 0.3
Vicia sativa® 714 03 1.5 00 15 0.3 0.3 00 03 03 110 00 5.0 0.0 0.3
Aira caryophyllea® 64.3 03 03 0.1 0.0 0.0 0.2 1.3 14 14 00 0.0 00 24 1.3
Bromus mollis® 64.3 03 05 0.0 0.1 0.0 0.8 00 07 90 00 0.0 48 433 243
Cerastium viscosum® 64.3 00 02 0.0 0.0 0.0 0.1 30 05 03 02 23 0.3 0.0 0.3
Holcus lanatus® 64.3 0.0 3.0 0.1 0.0 4.0 0.0 0.1 08 00 03 07 0.8 0.1 0.0
Hypochaeris radicata® 64.3 1.0 0.2 15 1.7 0.0 40 0.0 14 00 0.3 0.0 0.0 02 20
Luzula comosa 64.3 1.0 0.7 0.1 0.3 0.0 0.0 00 03 02 1.0 0.0 0.2 0.2 0.0
Rumex acetosella® 64.3 6.0 0.5 0.2 0.3 0.3 53 00 00 00 60 0.0 0.0 4.0 1.3
Daucus carota® 57.1 03 40 00 0.0 0.0 0.0 07 83 100 03 0.0 6.5 0.0 0.3
Hypericum perforatum® 57.1 0.0 0.0 14 0.0 0.0 0.1 07 03 01 02 03 0.3 0.0 0.0
Dactylis glomerata® 50.0 10 05 0.0 0.1 0.3 110 | 00 80 00 00 0.0 00 00 0.7
Eriophyllum lanatum 50.0 1.0 0.0 4.6 0.3 0.0 0.1 00 08 23 00 0.1 0.0 0.0 0.0
Myosotis discolor® 50.0 00 0.0 0.0 0.0 0.3 0.0 02 03 03 00 0.3 0.3 0.0 03
native species richness - 17 12 33 31 15 19 9 21 17 19 26 20 3 6
exotic species richness - 11 23 20 14 11 13 18 22 21 17 17 19 14 24

(44
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Characterization of soils

Soils from Puget Trough and Willamette Valley sites were generally distinct,
although they shared some qualities (Figure 2-5; Figure 2-6). Acidic soils dominate
remaining C. levisecta populations and reintroduction sites (pH= 4.68 - 5.75), and in
general, Puget Trough and Willamette Valley soils had similar levels of NHy4, NO;3,
TN, and TOC. Rocky Prairie, Kah Tai Prairie, and Heritage Seedling had particularly
high levels of NH4, NO;, and TN. The carbon to nitrogen ratio from all sites was low
(6.4 — 12.6), and organic matter content was generally high (3.9 % - 15.6%). Puget
Trough sites with particularly black soils, rich in organic matter (12.9% - 15.6%)
included Trial Island, Rocky Prairie, and Kah Tai Prairie.

Puget Trough soils generally had higher levels of sulfur and magnesium than
Willamette Valley soils. Sulfur levels were particularly high at Trial Island (434.9
ng/g) and Rocky Prairie (325.3 pug/g), and generally appear to be positively correlated
with organic matter content. Sites situated on coastal bluffs and prairies had higher
concentrations of magnesium (2591.0 pg/g - 3615.5 pg/g) than inland sites (1022.3
ug/g - 2454.5 pg/g). Willamette Valley sites generally had higher concentrations of
potassium and phosphorous than Puget Trough sites, although there was a lot of
variability among sites from each region. Soil texture most clearly distinguished the
two regions. Sand was a larger component of Puget Trough soils (49.7% - 87.6%)
than Willamette Valley soils (12.3% - 28.0%), excluding Sandy River Delta, which
had a high sand component (64.1%). Willamette Valley sites were primarily
dominated by silt (33.9% - 52.1%) and clay (27.4% - 46.3%). The sandy Puget
Trough soils generally had lower bulk density (0.64 - 0.92) than the heavy clay soils of
the Willamette Valley (0.81 - 1.25).
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Table 2-5. Puget Trough mean soil values. Soil texture was abbreviated; C= clay, L=
loam, S=sand. (* denotes a reintroduction site, all other sites are remaining C.
levisecta populations)

soil trait
pH

NH, (mg/kg)
NO; (mg/kg)
TOC (ug/g)
TN (ng/g)
C:N

% OM

K (bg/g)
P (bg/g)
S (ng/9)
Mg (ug/g)
Mn (ug/g)
Dy (g/cm?)
% sand
% silt

% clay
texture

Sites
EBY FOR ROC TRL WEB KAH*
5.75 5.51 4.88 5.60 5.32 5.42
7.80 7.03 33.68 13.57 15.92 27.38
7.00 0.54 10.40 3.89 0.53 7.56
159.05 22099 44969 113.29 25372 404.33
18.08 17.49 53.51 17.80 25.53 37.83
8.80 12.64 8.40 6.37 9.94 10.69
3.89 4.95 13.21 15.56 7.21 12.91
529.10 1180.00 45790 1032.61 63500 666.70
131.80 103.35 402.10 45944 26590 336.75
102.69 120.00 32525 43489 236.55 297.20
361550 2799.50 1780.50 3185.25 2591.00 3446.50
122.25 180.60 29545 550.63 35655 24275
0.84 0.71 0.65 - 0.92 0.64
87.6 497 70.70 56.2 70.1 71.85
10.8 28.3 22.10 331 19.8 21.49
16 22.0 7.30 10.7 10.1 6.66
S SCL SL SL SL SL




Table 2-6. Mean soil values for Willamette Valley reintroduction sites. Soil texture was abbreviated; C= clay, L= loam, S =

sand, SI= silt

soil trait
pH

NH, (g/kg)
NO; (mg/kg)
TOC (ug/9)
TN (ug/g)
C:N

% OM

K (ug/g)

P (ug/g)

S (ug/g)
Mg (ug/g)

Mn (g/g)
D» (g/cm”)

% sand
% silt
% clay
Texture

Sites
BS1 BB2 BB3 BEL HER PIG PMC SRD STK
5.40 5.30 5.60 487 5.82 5.30 5.25 468 4.85
2093 14.37 16.18 14.61 30.60 21.98 9.21 9.93 16.34
3.29 1.74 1.90 424 9.79 2.87 4.50 9.91 8.49
29948 18848 210.12 297.35 276.79 206.80 12266 151.73 193.71
27.66 17.54 17.79 27.35 34.07 25.98 15.63 20.68 21.95
10.83 10.74 11.81 10.87 8.12 7.96 7.85 7.34 8.82
6.99 7.58 5.76 8.41 8.05 8.14 4.32 5.17 7.36
1606.50 151750 2496.00 147050 815.05 102065 1569.50 45340 1419.50
165.15 107.10 126.00 26085 629.35 43085 44840 480.70 348.00
1569.05 137.65 131.00 128.15 155.20 128.65 65.99 167.85 119.75
1802.00 2147.50 2453.50 102225 1029.00 135050 2118.00 1030.80 2111.00
28130 17155 15550 32510 77095 534.65 39060 87.57 473.35
0.82 0.85 0.81 0.87 0.98 0.91 1.25 0.91 0.94
16.72 19.19 20.86 19.76 28.02 16.27 12.33 64.12 12.30
45.63 41.87 38.48 33.94 44 57 37.69 52.10 28.67 48.71
37.65 38.94 40.66 46.30 27.41 46.05 35.57 7.22 38.98
SICL SICL SICL C CL C SIC SL SICL

Y4
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Regional patterns in habitat characteristics

Regional divergence between Willamette Valley and Puget Trough sites was
apparent along axis 1 of a 3-D NMS solution that explained 66% of the variation in
the original data. The final configuration had lower stress than those found with
Monte Carlo randomizations (p= 0.020). Axes 1 and 3 together explained half of the
variability in community composition (r*=0.24, 0.25, respectively), and axis 2
explained the remaining 17%. Axes 1 and 3 are displayed, as these axes accounted for
the majority of variation in community composition (Figure 2-2). Sites separated
regionally in the ordination space and circles were drawn around sites from the two
ecoregions. Correlations of soil variables with axis 1 help explain the regional
divergence in vegetation communities. Soil texture, as well as potassium and
magnesium concentrations, were strongly associated with axis 1 (r2= 0.38 -0.72).
Ordinations were rotated to align with percentage sand, which had the strongest

relationship (r*= 0.72), with axis 1. None of the measured soil variables were

correlated with the variation in plant communities along axis 3.
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Figure 2-2. NMS solution of sites in species space with soil variable overlays. Each
point represents a site (source population =A , common garden sites=/\). Soil
variables strongly associated with vegetation community composition are indicated
with vector overlays (r2 >0.3). The length of the vector indicates the strength of the
relationship of a variable with the ordination scores. Soil texture best explains
differences in community composition with sites from the Willamette Valley and
Puget Trough aggregating at opposite sides of axis 1.

DISCUSSION

Plant communities differed considerably among sites from the northern and
southern portions of C. levisecta’s historic range. Puget Trough and Willamette
Valley sites had distinct species assemblages likely related to regional differences in
geology, climate, ocean proximity, and land-use history. Although sites from these
two regions did share some species in common (Table 2-4), the majority of these were
invasive exotics that are widespread throughout the Pacific Northwest. Poa pratensis,
an introduced perennial grass, was particularly common in our study, occurring at all
but two sites. This species is a problematic invader of Pacific Northwest prairies

because it has the capacity to recruit by tillering in dense above-ground litter layers
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that result in the absence of fire (MacDougall & Turkington 2004). Nearly half of the
Puget Trough indicator species were native perennials, while almost all species
indicative of Willamette Valley sites were exotic, annual forbs and grasses. Puget
Trough sites also had greater native species richness than those of the Willamette
Valley, which in turn generally had higher numbers of exotic species. Invasion by
exotic species is a major threat to the viability of remaining C. levisecta populations
(Caplow 2004) and management of non-native species will clearly be an important
component of reintroduction efforts in the Willamette Valley. The common functional
groups at remaining C. levisecta populations (i.e., native perennials) and
reintroduction sites in the Willamette Valley (i.e., introduced annuals) highlight
important differences in community structure among sites from these two ecoregions.

Soil characteristics were also distinct among C. levisecta sites from the Puget
Trough and Willamette Valley ecoregions, but did share some commonalities. All C.
levisecta sites were acidic with abundant organic matter, and generally had low carbon
to nitrogen ratios, which is characteristic of graminoid dominated soils (Brady & Weil
2002). Several soil characteristics, including texture, and levels of potassium and
magnesium, were strongly associated with differences in community composition
between the two ecoregions (Figure 2-2). Castilleja levisecta sites in the Puget
Trough were found primarily on sandy coastal prairies influenced by sea spray, whose
salts are often dominated by sulfates and chlorides of calcium, magnesium, and

sodium (Brady & Weil 2002). The relatively high amount of magnesium at Puget

Trough sites (;= 2903.0 pg/g + 273.9) compared to Willamette Valley sites (x =
1673.8 png/g + 201.4) was likely due to their vicinity to marine environments and may
influence species composition. Willamette Valley sites were typically situated in
upland prairies dominated by silty-clay soils with relatively high levels of potassium
(;= 1374.3 pg/g +£204.2). Potassium is found in high levels in most mineral soils,
except those consisting primarily of quartz sand (Brady & Weil 2002). The sandy

texture of Puget Trough soils are was probably why we observed low levels of

potassium at these sites (;= 750.2 pg/g + 118.2). Our soil analyses are similar to

Chappell & Caplow’s (2005) characterization of remaining C. levisecta populations,
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who found Puget Trough soils to be generally high in magnesium and sand content,
with low clay percentage and potassium concentrations.

Only 2.6% of pre-settlement, native dominated grasslands in the Puget
Lowland are estimated to remain (Chappell et al. 2000), and less is suspected to
remain in the Willamette Valley, OR. Although a mapping effort by Chappell et al.
(2000) showed low C. levisecta co-occurrence with pre-settlement grassland soil and
vegetation polygons, it was likely because the minimum map unit employed in the
study was larger than the size of most of the remaining C. levisecta populations. This
emphasizes the degree of habitat fragmentation and alteration that extant C. levisecta
populations have been subjected to and suggests that remaining populations likely
represent only a fraction of the site characteristics C. levisecta once inhabited.
Furthermore, remaining populations appear to be relegated to habitat unsuitable for
agriculture (e.g., too steep, too rocky, and/or too much sea spray influence). Efforts to
reestablish species in portions of their historic range need to consider the ecological
and cultural processes that once determined species occurrence (MacDougall et al.
2004).

Castilleja levisecta recovery site selection may be especially challenging in the
southern portion of the species’ historic range because prospective planting sites are
ecologically distant from Puget Trough seed sources. Maximizing the ecological
similarity, in terms of species composition and soil characteristics, between existing
populations and prospective reintroduction sites within the Puget Trough ecoregion
may be appropriate because sites share similar floras and geologic histories. Using
reciprocal transplant experiments in Southern California, Montalvo & Ellstrand (2000)
found that the cumulative fitness of Lotus scoparius decreased with increasing
environmental distance, emphasizing the importance of matching seed sources with
ecologically similar restoration sites within a given region. However, large
differences in species composition between ecoregions make standard predictions
untenable. In order to be useful at great ecological distances where floras are distinct,
a different metric of ecological similarity is needed.

We suggest using a functional group approach to compare plant communities

among sites from distinct ecoregions. Functional groups are useful in comparative
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studies of communities, enabling the comparison of species that share ecological
characteristics and play similar roles in communities, but are taxonomically distinct
(Simberloff & Dayan 1991; Voigt & Perner 2004). Species could be assigned to
functional groups based on life history characteristics (annual vs. perennial), origin
(native vs. exotic), and habit (graminoid, forb, or woody). We predict that plant
functional groups will be a useful method to measure habitat similarity and determine
suitable recovery sites across large ecological and geographic distances where floristic

communities differ.
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Chapter 3 : Common garden experiments with golden paintbrush (Castilleja
levisecta): selecting seed sources and reintroduction sites for an endangered
prairie species

ABSTRACT
Species reintroduction is increasingly prescribed as a conservation strategy to

promote the viability of endangered plants. A suite of ecological and genetic factors are
likely to contribute to reintroduction success, including the ecological similarity between
seed source and introduction site, the effective population size and genetic diversity of
seed sources, and the habitat quality of the recovery site. We conducted common garden
experiments with golden paintbrush (Castilleja levisecta Greenman), an endangered
species endemic to the Pacific Northwest, U.S.A., and extinct in the southern portion of its
historic range. We test hypotheses about how the species would perform in the southern
portion of its range, as well as provide management recommendations about seed source
and recovery site selection.

Ten common gardens, each comprised of C. levisecta individuals grown from seed
collected from six of the eleven remaining source populations, were planted into field
conditions similar to potential recovery sites in the Willamette Valley, OR, during two
planting events in 2004. Significant variation among source populations and common
gardens was observed for first year plant performance and second year survival rates.
Plant community characteristics, including the abundance of non-native species and the
similarity in community structure between source populations and common garden sites,
helped explain the variation in these performance measures. Exotic species cover at
common garden sites was associated with a reduction in performance of first year C.
levisecta transplants. Survival of second year transplants increased with increasing
similarity in plant functional groups between source and common garden sites, supporting
the idea of a “home-habitat advantage.” These results indicate that high quality prairies,
dominated by native perennial species with low non-native abundance, should be targeted
for recovery sites. We do not recommend using genetic diversity, effective population
size, or geographic distance to select seed sources for reintroduction of C. /levisecta in the
Willamette Valley. Instead, we recommend using plant material from Whidbey Island,

WA, whose three populations represented in our study consistently performed well.
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INTRODUCTION
Species reintroduction is a growing component of conservation efforts

worldwide. Recovery plans recommended reintroduction or population augmentation
to achieve recovery criteria for 87% of the federally listed plant species in 1997
(Kennedy 2004). However, despite numerous efforts, few, if any, reintroduction
attempts can yet be judged as true successes (Bowles & McBride 1996; Bowles et al.
2001; Guerrant 1996b; Pavlik & Espeland 1998; Pavlik et al. 1993). Failure to
achieve success is likely a result of our poorly developed biological understanding of
species reintroduction (Falk et al. 1996). Selection of biologically appropriate séed
sources and recovery sites is critical when implementing a reintroduction strategy,
though few studies utilize both genetic and ecological criteria during the selection
process (Husband & Campbell 2004). Decisions regarding the suitability of seed
sources and recovery sites can be particularly challenging in portions of a species
range that are currently uninhabited, as no reference populations with which to
compare ecological and genetic characteristics exist. Currently, there are no published
studies that have experimentally determined appropriate seed sources and/or recovery
sites for plant reintroduction in an unoccupied portion of a species historic range. In
order to evaluate relevant management options for reintroduction to the southern
portion of the species’ historic range, we conducted common garden experiments with
golden paintbrush (Castilleja levisecta), an endangered plant endemic to the prairies of
the Pacific Northwest.

The origin of source material used to establish new plant populations is a
controversial issue in conservation biology. Habitat similarity between source and
introduced populations may be crucial because of ecotypic differentiation and
development of co-adapted gene complexes that form in response to specific habitat
conditions and selective pressures (Guerrant 1996a; Guerrant & Pavlik 1998,
Huenneke 1991; Hufford & Mazer 2003). Choosing an introduction site that closely
matches the source site (i.e., soil, vegetation and climate) increases the likelihood that
introduced plants will be genetically well-adapted to the site, and in turn, that

introduction will succeed (Bowles et al. 1993; Montalvo & Ellstrand 2000; Pavlik et
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al. 1993). Numerous studies have demonstrated a fitness advantage of local
transplants relative to transplants from distant sites (Gustafson et al. 2004a; Montalvo
& Ellstrand 2001; Schmidt & Levin 1985; Wang et al. 1997), emphasizing the
importance of the home-site advantage, or what might be more broadly termed the
“home-habitat advantage.” But how local is local (McKay et al. 2005)? Geographic
distance is often used by land managers as an index of ecological similarity, because
local sites are likely to share similar soils, vegetation, and climate. However, in a
heterogeneous landscape and at great distances, geographic distance is not necessarily
a good measure of ecological distance.

Characteristics of the seed source, such as population size and genetic
diversity, could be powerful tools used to predict plant performance during plant
restoration. Individuals from small populations are more susceptible to inbreeding
depression, genetic drift, and the disruption of plant-pollinator interactions and are
predicted to be less fit than those from large populations (Ellstrand & Elam 1993;
Young et al. 1996). Population size and fitness components are positively related in
several fragmented, rare vascular plants (Fisher & Matthies 1998; Menges 1991;
Paschke et al. 2002). Similarly, population genetic theory predicts a positive
correlation between genetic diversity and fitness (Young et al. 1996), and molecular
marker diversity is therefore often used to decide which populations are most suitable
as restoration sources (Haig 1998; Knapp & Rice 1998). However, this relationship
may be weak, as genetic markers are generally considered neutral and genetic
sampling is typically small relative to the size of the genome (Reed & Frankham
2003). No consistent pattern between marker diversity and plant performance
emerges among rare, fragmented species. While some studies have found significant
relationships (Buza et al. 2000; Oostermeijer et al. 1994; Paschke et al. 2002), others
have not (Lammi et al. 1999; Luijten et al. 2000; Ouborg & Treuren 1995).

Exotic species constitute a significant component of many regional floras and are a
major threat to global diversity (Hobbs & Humphries 1995). After habitat loss, non-native
species are the most prevalent threat to endangered species viability, affecting half of the
imperiled species in the U.S. (Wilcove & Master 2005). Pacific Northwest native

grasslands are considered one of most critically endangered ecosystems in the nation
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(Noss et al. 1995), with less than 3% of pre-settlement extent remaining (Chappell et al.
2000). Many of these remaining fragments are of poor quality due to isolation, fire
suppression, and invasion by tall, aggressive pasture grasses that displace native flora. In
turn, these grasses may enhance habitat for small mammals (Adler & Wilson 1989),
whose abundance can influence grassland dynamics and species composition (Batzli &
Pitelka 1970). Competition from non-native species has hindered reintroduction efforts of
several rare species including Abronia umbellata (Kaye 2002), Amsinckia grandiflora
(Pavlik et al. 1993), Stephanomeria malheurensis (Guerrant 1996b), and Cirsium
vinaceum (Huenneke & Thomson 1995), suggesting that site quality and plant community
characteristics are likely to play an important role in C. levisecta recovery as well.

Castilleja levisecta is a federally threatened species currently restricted to 11 sites
in the Pacific Northwest and is extinct in the southern portion of its historic range.
Recovery criteria call for the existence of twenty populations each composed of 1,000
flowering individuals within the species’ historic range (U.S.F.W.S. 2000). Castilleja
levisecta has limited capacity for natural dispersal and colonization of new sites,
necessitating ex sifu conservation techniques to meet recovery goals. A strategic
reintroduction plan has been prepared to support the long-term viability of the species and
requires establishment of new populations within the historic range of C. levisecta,
including the Willamette Valley, Oregon (Caplow 2004).

Potential restoration sites in the Willamette Valley are geographically and
ecologically distant from extant populations of C. levisecta (Chapter 2), with no indication
of which seed source is most appropriate for recovery efforts in this ecoregion. Further,
the specific habitat conditions to target during recovery efforts are unknown because the
species has been extinct in this region for over 60 years and herbarium records do not
clearly describe habitat characteristics (Chapter 2). Therefore, we apply ecological and
genetic theory to restoration ecology in order to understand which factors could promote
the reestablishment of C. /evisecta in the Willamette Valley. Our main research objective
is to determine what ecological and genetic factors contribute to the success of C.

levisecta transplants in the southern portion of its historic range by testing three specific

hypotheses. We will provide management recommendations based on these results.
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Hypothesis 1: Performance of individuals decreases with ecological and/or geographic
distance between source population and reintroduction site

Justification.- Selecting plant materials from sites that are ecologically similar to the
introduction site may be most appropriate, as individuals from populations can be adapted
to specific habitat conditions (Hufford & Mazer 2003). Local adaptation has been
investigated using reciprocal transplant experiments in many studies (Cheplick 1988;
Gordon & Rice 1998; Helenurm 1998; Kindell et al. 1996). However, no studies that we
are aware of have attempted to extrapolate this concept to rare plant reintroduction in
portions of the species’ range that are no longer occupied. Geographic distance is often
used by restoration practitioners as an index of ecological similarity, but it was not a good
surrogate for environmental distance among populations of Lotus scoparius (Montalvo &
Ellstrand 2000). According to Hypothesis 1, the success of reintroductions can be
increased by targeting recovery sites that are ecologically simil