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Preservation of rare plant species often requires establishment of new 

populations. Survivorship surveys are the most common method of post-introduction 

monitoring. However, they provide an incomplete picture of establishment success. This 

study is an attempt to develop a model for determining establishment success by 

determining the factors affecting recruitment in introduced populations of a rare species.  

Erigeron decumbens is an endangered forb endemic to the Willamette Valley of western 

Oregon. Several populations of E. decumbens have been introduced by governmental and 

non-profit agencies. While there has been some monitoring of the survival of introduced 

plants, no systematic surveys have measured recruitment in the new populations. We 

monitored recruitment in five introduced populations, and compared abiotic and biotic 

characteristics in these and five stable natural populations. Seventy percent of introduced 

populations produced fewer than one recruit for every three survivors. Thirty percent 

produced at least one and one half recruits for every one survivor. The factors that 

affected recruitment were site specific. Low recruitment (less than one recruit per three 

survivors) was associated with dominance by exotic species (Dactylis glomerata, Rosa 

eglanteria, Vicia tetrasperma, and Leucanthemum vulgare), high litter cover, high soil 

electrical conductivity, and low silt levels. Recruitment was highest at sites with higher 

native plant species richness and soil characteristics falling within the variation of large 

natural populations. Viable seed number per individual had the strongest linear 

relationship with recruitment, demonstrating that seed viability could be a strong 

limitation for this species (r
2
 = 0.83). The results of this study suggest numerous 

guidelines for future reintroductions of E. decumbens. This research also demonstrates 



the utility of recruitment surveys to determine factors important in the success of 

introduced populations of rare plant species. 
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Recruitment Predictors of an Endangered Prairie Species: A Case Study of Erigeron 

decumbens 

 

INTRODUCTION 

 

One in five plant species is are threatened with extinction (Royal Botanic Gardens, 

Kew, 2010); 797 are listed under the United States Endangered Species Act (USFWS, 2012). 

Common threats to rare plant species include habitat loss and fragmentation (Tilman et al., 

1994; Krauss et al., 2010; Muller-Landau, 2010; Royal Botanic Gardens, Kew, 2010), 

invasive species (Adsersen, 1989; Dopson and Unit, 1999; Farnsworth, 2004; Thorpe et al., 

2010; Powell et al., 2011), and climate change (Tilman and Lehman, 2001; Walther, 2010; 

Trenberth, 2011). The positive effects of high native species biodiversity on ecosystems has 

been established in the literature over the last decade (McGrady-Steed et al., 1997; Loreau et 

al., 2001; Hooper et al., 2005; Balvanera et al., 2006; Cardinale et al., 2006; Zavaleta et al., 

2010; Maestre et al., 2012) so the conservation of rare plant species is imperative. Preservation 

of these species often requires population augmentations and reintroductions. 

US Fish and Wildlife Service promotes using reintroduction as a recovery strategy for 

endangered plant species (USFWS, 2011). The use of reintroductions as a tool for mitigating 

extinctions of rare species has recently come under some examination and reassessment 

(Guerrant and Kaye, 2007; Armstrong and Seddon, 2008; Godefroid et al., 2011; Kreyling et 

al., 2011; Maschinski and Haskins, 2012) encouraging increased success while balancing cost. 

Reintroduction is often employed when management (restoration, invasion control) alone is 

not sufficient to boost a population. Reintroduction is a very expensive and resource-heavy 

method (Guerrant et al., 2004), but the success of reintroductions is not a direct function of the 

amount of money spent (McCarthy et al., 2010). Instead, the success of a reintroduction can 

depend on factors such as management of a site and temporal environmental conditions 

(McCarthy et al., 2010).  

Pavlik (1996) proposed four areas of focus for successful reintroductions: abundance 

(population size), extent (distribution), resilience (recovery from perturbation), and persistence 

(self-sustainability). Integration of these foci into reintroduction goals—particularly 

recruitment to improve self-sustainability—is likely to increase the success of reintroductions. 

A review of reintroduction literature in 1994 found that few reintroduced populations are self-

sustaining (Pavlik, 1994). More recently, a review of 80 studies, (Godefroid et al., 2011) 

found that survival rates of introduced plants were often low and suggested a need for more 
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recruitment and seed production data. A meta-analysis of the reintroduction projects 

documented in the Center for Plant Conservation International Reintroduction registry (Center 

for Plant Conservation, 2012) found that 69% of reintroduction assessments looked only at 

survival rates as a response variable, 20% looked at plant size, and 10% looked at seed set, 

reproduction, recruitment, health, or herbivory (Maschinski and Haskins, 2012).  

Conditions required for germination, establishment, and early growth are the most 

critical for regeneration and are greatly influenced by microenvironment (Grubb, 1977; 

Veblen, 1992; Wendelberger and Maschinski, 2009). Common reasons for population failure 

are unsuitable habitat, drought, inappropriate disturbance regimes, unsuitable substrate, 

competition from invasive species, too few propagules introduced, and pollen limitation 

(Dalrymple et al., 2012), several of which can be prevented with more scrutiny of potential 

recipient sites. In fact, Knight (2012) makes the case that habitat selection can often be more 

critical to reintroductions than founding propagule number and propagule stage class. 

Therefore, it is imperative that habitat selection constitute a substantial portion of 

reintroduction preparations.  

Maschinski et al. (2012) suggests that coarse habitat measurements, such as 

community type, are often used in site selection for reintroductions, whereas population self-

sustainability often requires consideration of fine-scale factors  such as microhabitat and soil 

characters. A species’ realized niche can differ across biotopes (Colwell and Rangel, 2009) 

and in such cases, natural populations in all biotopes must be studied to determine the 

fundamental niche. This allows selection of recipient sites that provide equivalent services. A 

species’ fundamental niche can be estimated by considering environmental variables on the 

geographic (γ-traits), landscape (β-traits), and population scales (α-traits) (Whittaker, 1975) 

using species occurrence data, broad-scale climate or environmental data, or field 

measurements taken where the species occurs (Maschinski et al., 2012).  

Rare species managers faced with the reestablishment of rare prairie species need to 

know feasible and efficient methods to determine the success of reintroductions, 

environmental and community patterns influence recruitment, and practicable statistical 

analyses that tolerate the limitations typical of reintroduction data. We addressed these issues 

using a case study of Erigeron decumbens Nutt. var. decumbens (Willamette Daisy; 

Asteraceae), an endangered species with several reintroductions throughout its historic range. 

We assessed recruitment in reintroduced populations and its relationship to associated plant 
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communities and the environment. Our results contribute to current understanding of E. 

decumbens reintroduction goals and will enhance the ability of managers to make 

scientifically-based management decisions.  

 

Study system 

Northwest prairies are one of the five most endangered ecosystems in the United 

States based on their areal decline, level of urgency of continuing threats, and number of 

endangered and threatened species (Noss, 2000). The Willamette Valley is located in western 

Oregon an average of 75 km from the Pacific Ocean between the Oregon Coast Range and the 

Cascade Mountain Range. The Willamette River runs mostly north through the valley which 

has deep alluvial soil from flooding that historically occurred on average every ten years 

(Laenen and Dunnette, 1997). The prairies require a regular burning or mowing regime that 

removes litter thatch, encourages herbaceous growth, and prevents woody plants from 

encroaching on prairie habitat (Boyd, 1986; Boag, 1992). Prior to European settlement, prairie 

systems comprised 31% of the 13,539 km
2
 Willamette Valley Ecoregion  (Altman et al., 

2001). Only one percent of the Willamette Valley prairie habitat remains (Johannessen et al., 

1971; Towle, 1982). This diminution is largely attributed to habitat loss and degradation due 

to urban and agricultural development, encroachment by native conifers due to suppression of 

the historical fire regime, and invasion of exotic species (Alverson, 2005). Remnant prairies 

are usually small and isolated from one another leading to increased edge effects (Aizen and 

Feinsinger, 1994; Young et al., 1996; Fahrig, 2003). Eleven plant species of concern 

(endangered, threatened, and candidates) occur in the Willamette Valley (USFWS, 2010). 

Threats to these species include habitat loss due to urban and agricultural development, 

encroachment by native woody plants, non-native competition, and small population size due 

to habitat fragmentation (Kagan and Yamamoto, 1987; Clark et al., 1993; Gisler, 2004; 

USFWS, 2010).  

One of the species severely impacted by the loss and fragmentation of Willamette 

Valley prairies is Erigeron decumbens. Erigeron decumbens is endemic to the Willamette 

Valley and is listed as an endangered species by the U.S. Fish and Wildlife Service (USFWS, 

2000) and the state of Oregon (Oregon Biodiversity Information Center, 2010). Erigeron 

decumbens is an herbaceous perennial that blooms in June and July and reproduces primarily 

by seed and, rarely, vegetatively (Clark et al., 1993). Plants form clumps of basal leaves and 
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produce one or more flowering stems from the base that can lie decumbent later in the 

growing season. Although the breeding system of E. decumbens is poorly documented, several 

closely related species are self-incompatible (Allphin et al., 2002; Hiscock and Tabah, 2003). 

Seed dispersal has been estimated at an average distance of 94 cm (Jackson, 1996) and is 

conducted primarily by wind in July and August (USFWS, 2010). Primary pollinators of the 

species include Phycoides campestris (field crescent butterfly), halictine bees (sweat bees), 

and Toxomerus occidentalis (a syrphid fly) (Jackson, 1996), most of which are generalist 

pollinators.  

Erigeron decumbens occurs in both upland and wetland prairies, two distinct habitat 

types in the Willamette Valley. Upland prairies are located on ridgelines or slopes and wetland 

prairies are located in flat, low drainage areas. Upland prairies contain scattered Quercus 

garryana, few shrubs, and are dominated by herbaceous species including perennial 

bunchgrasses (e.g. Festuca spp., Elymus glaucus, Danthonia californica), and a variety of 

forbs (e.g. Fragaria virginiana and Prunella vulgaris).  Upland soils are typically well-

draining, are often less productive than wetland prairies (Briggs and Knapp, 1995) and 

typically have greater plant species diversity than wetland prairies (Abrams and Hulbert, 

1987). Wetland prairies are generally dominated by Deschampsia cespitosa, Carex spp., 

Juncus spp., and forbs. They are seasonal wetlands with poorly-draining heavy clay soils that 

prevent drainage during heavy rains and lead to a perched water table (Titus et al., 2006). 

Standing water typically occurs November through April (Finley, 1994). Soils dry in the 

summer, but have hydric characteristics typical of wetlands (USFWS, 2010). In wetland 

prairies, D. cespitosa grows in bunches and develops raised pedestals 3-20 cm above the lower 

level of the soil (USFWS, 2010) forming troughs that provide a heterogeneous vertical 

structure to the ecosystem and different soil characteristics in the troughs than in the pedestals. 

Vegetation is more abundant on the dryer microsites of the pedestals with lower species 

richness and abundance in the troughs. Soil at the top of the pedestals tends to dry in the late 

summer and fall while the soil in the troughs tend to remain relatively moist throughout the 

year (Finley, 1994). Erigeron decumbens is most often found at the top of D. cespitosa 

pedestals, which are presumably drier microsites. Both types of prairies are typically managed 

by mowing and occasionally by controlled burns. 

Erigeron decumbens has been studied extensively for over a decade, especially since 

the species was federally listed as endangered. There are currently about 30 remaining 
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populations of E. decumbens, most of which have fewer than 100 individuals (USFWS, 2010). 

Small populations (<100 individuals) have low seed viability (Thorpe and Kaye, 2011). It is 

hypothesized that this is due to a lack of out-crossing, loss of compatible mating types, pollen 

limitation, or maternal effects (USFWS, 2010; Thorpe and Kaye, 2011). Thorpe and Kaye 

(2011) found little evidence for ecotypic differentiation in survival, growth, and reproduction 

indicating that differences in source populations should have insignificant effects on 

reintroductions. Kaye and Brandt (2005) found that the survival of transplants was not 

affected by competition, but competition did have weak negative effects on capitula number. 

This suggests competition may not limit survivorship, but it may limit recruitment through the 

impairment of seed production. The E. decumbens recovery plan (USFWS, 2010) states that 

the goal for the species is for populations to survive for at least 100 years and show evidence 

of reproduction, demonstrated by seed set or the presence of seedlings. The recovery plan also 

states that reintroductions must use source populations from within the local recovery zone. 

Thorpe and Kaye (2011) propose the introduction of novel genotypes from different 

populations within a recovery zone in order to increase genetic diversity. The recovery plan 

(USFWS, 2010) states there is a need for further research on the factors that limit expansion of 

populations and suggest this be completed by determining if seed set or environmental factors 

limit the recovery of Erigeron decumbens. 

In the past ten years, several populations of E. decumbens have been reintroduced by 

governmental and non-profit agencies throughout the region in order to increase both the 

number of and connectivity between populations. Monitoring has been relatively limited, and 

there is no information as to whether there is recruitment of new individuals in these 

populations, which is necessary for long-term population persistence.   

In this study, we investigated recruitment and the factors that may affect it in 

reintroduced populations of E. decumbens. First, we determined if there was natural 

recruitment in several reintroduced population of E. decumbens. Second, we characterized the 

biotic and abiotic variation between natural and reintroduced communities, including seed 

viability, competition, heat load, litter depth, and soil quality, which included pH, moisture, 

electrical conductivity, bulk density, and texture.  
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METHODS 

Study sites 

We conducted our research in May, June, and July of 2011 in the Willamette Valley 

of western Oregon (approximately 4457´ to 4401´N and 12320´ to 12244´W). Elevations 

ranged from 67m to 144m. Climate in the Willamette Valley is characterized by dry summers, 

and wet, cool winters, with most vegetation growth occurring in spring and some regrowth in 

fall (Apostol and Sinclair, 2006). Average total precipitation during April through July is 18.5 

cm, 72% of which occurs during April and May (PRISM, 2011). Total precipitation for the 

2011 growing season was 21.0 cm, 14% higher than average. The average temperature during 

the growing season is 14.7
o
 C. The average temperature during the 2011 growing season was 

13.1
o
 C, 10.9% lower than average (PRISM, 2011). Many Willamette Valley soils are well-

drained, course textured, and have dark, base-rich surface horizons of Xeric Mollisols, 

Vertisols, and Alfisols (Omernik, 1987). The last glacial episode occurred about 10,000 years 

ago. The valley floor soil was formed from Missoula flood alluvial deposits from Montana 

and Washington that occurred 13,000-15,000 years ago.  

We chose five remnant natural populations and five reintroduced populations for this 

study. The remnant populations were the five largest and most stable natural populations of E. 

decumbens and served as reference sites for comparison to reintroduced populations. We 

chose reintroduced populations with at least 5% survivorship and that had been planted in a 

grid pattern that allowed for discernment of planted individuals from new seedlings. All were 

planted with 3-4 month old plants and planted at least three years prior to this study. 

Populations in both upland and wetland sites provided the seeds for growing the transplants 

including four of the natural populations used in this study and another located on private 

land. The five reintroduced populations represent nearly all reintroductions that have occurred 

in the Willamette Valley. The ten study sites cover several recovery zones (Figure 1) 

identified in the Recovery Plan for Prairie Species of Western Oregon and Southwestern 

Washington (USFWS, 2010). A range of prairie community types and history are 

encompassed by these sites (Table 1). All reintroduced sites were regularly treated to maintain 

a high ratio of native to exotic species. Three of them underwent intense restoration treatments 

at least five years ago, while the other two were considered remnant (Table 1). 
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Figure 1. Study sites in the Willamette Valley of western Oregon, USA, located within 

recovery zones and distribution map of Erigeron decumbens. From USFWS 2010. 

  

Study site 



 

 

  

Table 1. Site management agency, location, prairie type and history, and reintroduction history for each site.  

Site Ownership County 
Recovery 

Zone 

Prairie 

community 

type 

Prairie 

history 

Population 

introduction 

date 

Source 

populations
1
 

Bald Hill City of Corvallis Benton Corvallis West Upland Remnant 2007 & 2008 MC, BB 

Basket Butte
 

US Fish and Wildlife Service Polk Salem West Upland Remnant Natural  

Field 29 US Fish and Wildlife Service Benton Corvallis West Upland Restored 2007 & 2008 MC, BB 

Fisher Butte
 

Army Corps of Engineers Lane Eugene West Wetland Remnant Natural  

Greenhill
 

Bureau of Land Management Lane Eugene West Wetland Restored 2000 GH, OW, FB 

Kingston Prairie The Nature Conservancy Linn Salem East Upland Remnant Natural  

Oxbow West
 

Bureau of Land Management Lane Eugene West Wetland Remnant Natural  

Pigeon Butte US Fish and Wildlife Service Benton Corvallis West Upland Remnant 2007 & 2008 MC, BB 

Rathbone Road Private Lane Eugene West Wetland Restored 2005 & 2006 OW 

Willow Creek The Nature Conservancy Lane Eugene West Wetland Remnant Natural  
1
MC = Muddy Creek, Benton County, Corvallis East, wetland prairie; Information as above for: BB = Basket Butte, GH = Greenhill, 

OW = Oxbow West, FB = Fisher Butte 

8
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When necessary, the sites are managed for woody vegetation removal and invasive 

species control. Most are mowed on a regular basis and have been burned at least once in the 

last ten years. Common species found in the upland prairies were Danthonia californica Bol., 

Festuca idahoensis Elmer ssp. roemeri (Pavlick) S. Aiken, Prunella vulgaris L., and Fragaria 

virginiana Duchesne. Common species of the wetland prairies were Deschampsia cespitosa 

(L.) P. Beauv., Juncus occidentalis Wiegand, Camassia quamash (Pursh) Greene, and 

Grindelia integrifolia DC. Common invasive species in both upland and wetland prairies were 

Agrostis stolonifera L., Anthoxanthum odoratum L., Leontodon taraxacoides (Vill.) Mérat, 

and Hypochaeris radicata L..  

 

Sampling methods 

We quantified recruitment levels for reintroduced populations by systematically 

counting all seedlings growing off the original grid pattern. We did not quantify recruitment 

levels at natural populations. We assessed the relationship between seedling numbers and 

plant and site characteristics including transplant survivorship, crown size, capitula number, 

seed viability, beta diversity, litter depth, heat load, community cover, and soil characteristics. 

We calculated percent survivorship by taking a census of the transplant survivor 

number and divided it by the number of transplants planted. We estimated crown size by 

measuring maximum width and perpendicular width (Thorpe and Kaye, 2011) of 100 

randomly selected individuals in natural populations, and all individuals in reintroduced 

populations. We placed 1.0 m
2
 quadrats centered over 30 randomly selected individuals at 

each of the ten sites. We measured the local species composition surrounding the individuals 

by recording the percent plant cover of all species inside the quadrats. This measurement also 

included percent cover of bare ground, rock/stump, litter, and moss cover. Cover ranged 

between 100% and 200%. when the quadrat encompassed multiple layers of vegetation. To 

estimate beta diversity for a site, we used percent cover and frequency data to calculate the 

number of half changes corresponding to the average dissimilarity among quadrats at a site. 

We measured litter depth at four points midway between quadrat corners and the center. We 

placed the base of a ruler on the ground and measured the topmost layer of dead vegetation 

touching the ruler. If any of these points contained anomalies (rocks, tree stumps, etc.) we 

shifted the ruler 15cm in a clockwise direction.  
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To determine seed viability, we collected 1-2 capitula from 30 randomly selected 

individuals at each site and stored them in paper envelopes. If a selected individual did not 

have capitula ready for collection, then the nearest neighbor was chosen. If a population had 

fewer than 30 flowering individuals, we collected 1-2 capitula from all flowering plants. We 

counted the numbers of empty and filled achenes as an estimate of seed viability. We did not 

use tetrazolium or germination tests due to the extreme rarity of this species. The number of 

viable seeds per individual is the ratio of the average number of filled achenes per capitula to 

the average number of capitula per individual. At the conclusion of this study, we returned, 

redistributed, or propagated all seeds according to the respective manager’s instructions. 

We quantified a site’s heat load by measuring latitude, slope, and aspect. We then 

input the data into a non-parametric multiplicative regression  in HyperNiche v. 2.10 (McCune 

and Mefford, 2009) and calculated potential annual direct incident radiation (PDIR) (McCune, 

2007). 

We collected soil cores at three randomly selected locations per site to determine the 

edaphic characteristics of each site. Cores were approximately 200g, collected at a depth of 5-

8 cm, dried for 48 hours at 105 ˚C, and homogenized. We collected the wetland prairie soil 

cores from toe slopes of the grass pedestals because E. decumbens individuals were often 

located on the margins of the pedestals, and because the top of the pedestals contained too 

much vegetation for the removal of a soil core. We added deionized water to cores in a 1:1 

slurry. We measured pH using an Oakton
®
 Waterproof pHTestr

™
 10 Pocket pH Tester 

(Oakton Instruments, Vernon Hills, IL). We measured electrical conductivity using an 

Oakton
®
 ECTestr 11 Dual-Range Pocket Conductivity Tester (Oakton Instruments). We 

calibrated meters before each usage. We analyzed texture with a hydrometer using the method 

described by Gee et al. (1986). We determined soil moisture levels by weighing samples 

before and after drying. Early spring rains usually saturate upland and wetland soils alike so 

that differences between sites become apparent only afterwards. Soil moisture testing was 

repeated monthly during the growing season (May, June, and July, 2011). Agricultural sites 

often have decreased aggregate stability, so we performed a slake test to measure soil 

durability using the protocol and criteria outlined in the NRCS Soil Quality Test Kit Guide 

1999. A previous study tested the soil organic matter across Willamette Valley and found it to 

be relatively high at all sites (Lawrence and Kaye, 2006). We did not test for soil nutrients due 

to limited resources. 
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Statistical Analysis 

Linear regression and t-tests 

We tested the significance of the differences across sites of variables with multiple 

measurements at a site (individual characteristics, litter depth, and soil samples) by one-way 

analysis of variance. The data met assumptions of normality. We used a mean separation with 

a Least Significance Difference test (α = 0.05) to assess differences in plant and quadrat level 

variables across sites. We performed a series of Welch’s t-tests to determine if there were 

significant differences (α = 0.10) in E. decumbens attributes and significant environmental 

differences between site categories: natural versus reintroduced, wet prairie versus upland 

prairie, and remnant prairie versus restored prairie. To determine whether there were direct 

linear relationships between recruitment and the founding population or abiotic factors, we 

performed a series of linear regressions between the ratio of recruit count to planted survivor 

count and all 19 environmental variables. The ratio scales population size allowing smaller 

populations to have equal weight with larger populations.  We performed all univariate 

analyses in the R statistical package (R Development Core Team, 2010).  

 

NMS ordination of environment 

We averaged the cover of each species within each site to create a matrix of 10 sites 

by 127 species. We analyzed these data in relation to an environmental matrix of 10 sites by 

22 variables including three categorical variables (population origin, prairie community type, 

and prairie history), plant characteristics, and abiotic variables. Removing species in less than 

5% of the quadrats in a site had little effect on the analysis so we retained them in the matrix. 

We did not log-transform the data because the transformation had little effect on normality 

and skewness. Additionally, we chose not to relativize the data, thus allowing for absolute 

differences in all variables to be expressed in the analysis. We categorized the sites by prairie 

community type (wetland vs. upland) because we found it to have the most apparent grouping 

of sites. We used non-metric multidimensional scaling (NMS) ordinations (Kruskal, 1964) to 

identify major environmental gradients associated with community composition. NMS is an 

ordination method that is well-suited for community analyses, which often involve non-

normal data with non-linear relationships (McCune and Grace, 2002). We explored trends in 

species composition using NMS ordinations on the species composition matrix, using the 

autopilot setting “medium” mode (100 runs with real and randomized data, random starting 
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coordinates) with the Sørensen distance measure. To graphically represent the relationship 

between species composition and the environmental variables, we overlaid joint plots on 

ordinations in species space. We rotated the ordination to maximize correspondence of litter 

depth to axis 1 in order to elucidate the strongest association of litter depth on the study sites. 

We performed this analysis using PC-ORD version 6.0 (McCune and Mefford, 2011). 

 

Cluster analysis 

In order to represent the relationships among sites in terms of species composition, we 

performed a hierarchical agglomerative cluster analysis using Euclidean distance and Ward’s 

Method of linkage on species composition matrix. These groups were related back to site 

categories and E. decumbens response. We performed this analysis using PC-ORD version 6.0 

(McCune and Mefford, 2011). 

 

NMS Ordination + Indicator species analysis 

To test for differences in community and soil gradients among sites, we used a blend 

of NMS ordinations and indicator species analyses. The ordinations provide visual and 

quantitative  information on overall differences among sites, while the indicator species 

analysis quantifies and emphasizes which characters stand out at a site and set it apart. These 

differences were then related back to recruitment levels to estimate what influences 

reintroduction success at a specific site. We performed these analyses using PC-ORD version 

6.0 (McCune and Mefford, 2011). 

The soil NMS ordination used a matrix of 30 sample units by 10 soil characteristics. 

We chose not to relativize the data, thus allowing for absolute differences in all variables to be 

expressed in the analysis.  

We performed two indicator species analyses to contrast  species composition and soil 

characteristics. This was done by comparing individual reintroduced sites to all natural sites 

combined. An indicator species analysis combines information on the concentration of species 

abundance in a particular group and the faithfulness of occurrence of a species in a particular 

group (Dufrene and Legendre, 1997). The percentage of perfect indication for a species is 

expressed as an indicator value. The observed indicator values apply only to the selected site. 

High indicator values reflect variables that have unusually high abundances at a site and 

exceptionally low indicator values reflect variables that have unusually low abundances at a 
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site. Indicator values were tested for statistical significance using a Monte Carlo test 

(randomizations = 4,999).  

 

RESULTS 

 

Recruitment levels and founder population variables 

Recruitment varied by site and was not affected by survivorship (adj. r
2
 = 0.42, p = 

0.14). Rathbone Road and Field 29 had over two recruits for every survivor, and the highest 

percent survivorship (Table 2). Pigeon Butte had the lowest recruitment ratio, but good 

survivorship. Bald Hill had medium recruitment and survivorship. Greenhill had low 

recruitment and survivorship. Individual characteristics, litter depth, and soil samples differed 

across sites (all p-values <0.005) 

Recruitment ratio across all reintroduced sites was significantly and positively related 

with survivor crown size (adj. r
2
 = 0.69, p = 0.05), survivor capitula count (adj. r

2
 = 0.83, p = 

0.02), and individual seed viability (adj. r
2
 = 0.83, p = 0.02). Seed viability was higher in 

natural populations (t = 2.45, p = 0.05) than in reintroduced populations. Seed viability across 

all sites was not related with either crown size (adj. r
2
 = -0.06, p = 0.52) nor capitula number 

(adj. r
2
 = -0.11, p = 0.72). However, capitula number and crown size were positively related 

(adj. r
2
 = 0.91, p < 0.01). 

In the tests to determine if the restoration of prairies could be a recruitment-limiting 

factor, only May soil moisture was significantly higher in remnant prairies (0.41 g/g) than in 

restored prairies (0.31 g/g) (t = 2.16, p = 0.08). May soil moisture and bulk density were 

positively related (adj. r
2
 = 0.56, p = 0.01). A t-test could not be performed to test for 

differences in recruitment levels in restored versus remnant prairies or upland versus wetland 

prairies due to small sample size between groups in reintroduced sites. However, the cluster 

analysis showed no apparent difference between them (Table 3).  



 

 

 

Table 2. Characteristics of Erigeron decumbens individuals, community, and soil variables. Recruitment ratio is the ratio of recruit 

quantity to transplant survivor quantity. Numbers represent site averages ± standard error. Different letters indicate mean significant 

differences among sites at p ≤ 0.05.  

Site 
Recruitment 

ratio 

Percent 

survivorship 

Survivor 

crown size 

(cm
2
) 

Survivor 

capitula 

number 

Percent 

seed 

viability 

No. viable 

seeds per 

individual 

Beta 

diversity 

Litter 

depth 

(cm) 

Heat 

load 
PDIR 

Bald Hill 0.28 41.2 93±4
cd

 3.6±0.2
b
 2.9±1.3

fg
 16 0.81 0.4±0.1

d
 0.89 0.85 

Basket Butte   126±16
b
 6.2±1.0

b
 12.1±2.6

ef
 114 0.82 2.2±0.3

b
 0.85 0.77 

Field 29 2.01 67.2 141±4
d
 13.6±0.5

b
 21.8±2.1

cd
 562 0.66 1.0±0.1

cd
 0.89 0.88 

Fisher Butte   135±16
b
 5.5±0.7

b
 53.4±3.3

a
 516 0.90 0.9±0.1

cd
 0.92 0.92 

Greenhill 0.18 9.2 123±27
bc

 7.4±2.3
b
 1.2±0.6

g
 14 0.45 0.8±0.2

cd
 0.92 0.92 

Kingston Prairie   323±37
a
 25.8±3.4

a
 34.9±3.8

b
 1939 1.06 2.5±0.4

ab
 0.92 0.92 

Oxbow West   93±16
bc

 6.7±1.1
b
 27.9±3.3

bc
 331 0.64 0.8±0.2

cd
 0.92 0.92 

Pigeon Butte 0.06 57.2 74±4
cd

 3.3±0.3
b
 7.7±3.7

efg
 46 0.63 2.9±0.2

a
 0.92 0.88 

Rathbone Road 2.77 78.3 303±7
bc

 29.7±0.7
b
 10.7±1.8

ef
 532 1.05 1.0±0.2

cd
 0.92 0.92 

Willow Creek   76±10
cd

 6.1±0.9
b
 16.5±2.7

de
 157 0.60 1.2±0.2

c
 0.92 0.92 

Site pH 

Electrical 

conductivity 

(µS) 

Soil 

durability 

Percent 

clay 

Percent 

sand 

Percent 

silt 

Bulk density 

(Mg/m
3
) 

May 

moisture 

(g/g) 

June 

moisture 

(g/g) 

July 

moisture 

(g/g) 

Bald Hill 5.3±0.1
ab

 903±15
a
 6.0±0

a
 48±2

a
 32±2

abc
 20±1

e
 0.94±0.03

de
 0.42±0.02

ab
 0.34±0.01

abcd
 0.21±0.03

a
 

Basket Butte 5.4±0.2
a
 577±32

b
 6.0±0

a
 37±4

bc
 29±2

bcd
 35±3

ab
 0.88±0.01

e
 0.42±0.02

ab
 0.26±0.01

de
 0.17±0.01

bc
 

Field 29 4.5±0.1
f
 263±12

ef
 6.0±0

a
 45±1

ab
 16±2

e
 39±1

a
 1.14±0.06

bc
 0.27±0.02

d
 0.22±0.01

e
 0.09±0.01

ef
 

Fisher Butte 4.5±0.2
ef
 300±30

def
 4.0±0

b
 47±3

a
 18±2

de
 35±1

ab
 1.05±0.11

cde
 0.43±0.01

ab
 0.36±0.02

abc
 0.12±0.02

de
 

Greenhill 4.8±0.2d
ef
 210±35

f
 4.0±0

b
 34±6

cd
 40±5

ab
 26±3

de
 1.32±0.05

a
 0.27±0.01

d
 0.24±0.01

e
 0.05±0.01

f
 

Kingston Prairie 5.1±0.1
abc

 210±47
f
 5.7±0.3

a
 25±2

d
 42±5

a
 33±4

abc
 0.93±0.04

de
 0.49±0.05

a
 0.41±0.06

a
 0.14±0.01

cd
 

Oxbow West 4.6±0.1
ef
 333±17

de
 6.0±0

a
 36±2

bc
 34±3

abc
 30±2

bcd
 1.28±0.04

ab
 0.33±0.01

cd
 0.27±0.05

cde
 0.08±0.01

ef
 

Pigeon Butte 5.1±0.1
bcd

 590±6
b
 6.0±0

a
 43±2

abc
 29±1

bcd
 27±1

cd
 1.05±0.04

cd
 0.39±0.02

bc
 0.30±0.01

bcde
 0.19±0.01

ab
 

Rathbone Road 5.1±0.2
abcd

 363±22
d
 5.7±0.3

a
 39±1

abc
 34±2

ab
 27±2

cd
 1.13±0.09

bc
 0.40±0.05

bc
 0.33±0.04

ab
 0.15±0.01

bc
 

Willow Creek 4.9±0.1
cde

 463±55
c
 5.7±0.3

a
 45±5

ab
 22±9

cde
 33±4

abc
 1.06±0.05

cd
 0.45±0.03

ab
 0.39±0.02

a
 0.16±0.01

bc
 

1
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Community patterns 

Across 10 sites and 282 quadrats we found 129 species, of which 75 were native to the 

state of Oregon (Appendix A). The cluster analysis represented sites with similar communities 

by grouping them according to species composition (Table 3). The cluster dendrogram showed 

sites aggregated into three main groups with about 62% information remaining. These three 

groups represented a division between upland and wetland communities. Pigeon Butte joined 

last, denoting strong community differences between Pigeon Butte and the other nine sites. 

Pigeon Butte also had the lowest recruitment ratio. The first two groups were all northern, 

mostly upland prairies. The third group joined with at least 85% information remaining and 

was composed of wetland prairies located in the West Eugene Wetlands indicating the wetland 

prairie study sites had similar communities. There were no apparent patterns between sites and 

E. decumbens attributes including crown size, capitula number, seed viability, percent seed 

viability, number viable seed per individual, percent survivorship, and recruitment ratio. 

Pigeon Butte had the most significant indicator values above 60 with mostly exotic grasses 

and forbs and high litter cover (Table 4).  

Pigeon Butte had the deepest litter layer of all sites. Litter depth was higher in upland 

prairies (t = 2.28, p = 0.08) than in wetland prairies. In the NMS ordination (Figure 2) litter 

depth was the strongest variable associated with axis 1 (r = 0.856). However, litter depth was 

not strongly associated with recruitment (adj. r
2
 = -0.31, p = 0.84).  

 

 



 

 

  

Distance (Objective Function)

Information Remaining (%)

1.2E+02

100

3.6E+03

75

7.1E+03

50

1.1E+04

25

1.4E+04

0

Table 3. Hierarchical agglomerative cluster analysis dendrogram of species composition by site (Euclidean distance, Ward's linkage). 

Groups are related to site categories and E. decumbens responses. Sites with an asterisk contain reintroduced populations of E. decumbens. 

Prairie 

community 

Average 

individual 

crown area 

(cm
2
) 

Average 

individual 

capitula 

number 

Seed 

viability 

Number 

viable seeds 

per individual 

Percent 

survi-

vorship 

Recruit-

ment 

ratio 

Site 

Upland 73.6 3 11% 46 57% 0.06 *Pigeon Butte 

Upland 126.0 6 15% 114 - - Baskett Butte 

Upland 322.7 26 44% 1939 - - Kingston Prairie 

Upland 93.2 4 3% 16 41% 0.28 *Bald Hill 

Upland 141.1 14 38% 562 67% 2.01 *Field 29 

Wet 303.4 30 17% 532 78% 2.77 *Rathbone Road 

Wet 93.2 7 42% 331 - - Oxbow West 

Wet 122.5 7 2% 14 9% 0.18 *Greenhill 

Wet 135.4 6 77% 516 - - Fisher Butte 

Wet 76.2 6 22% 157 - - Willow Creek 

1
6
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Figure 2. NMS ordination of sites in species space, with overlays of environmental variables. 

Points represent sites in species space, and distance between points indicates similarity of 

community composition in sites. All environmental variables are indicated by bold vector 

lines, with the length and direction of the line representing the strength of the assocation with 

parallel axes. Site grouping by prairie community type are connected. 
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Table 4. Indicator values of species that differentiate sites. Each reintroduced site was 

contrasted in a separate ISA with a combination of reference sites of the same community type 

(upland versus wetland prairie). Indicator values reflect variables that have unusually high 

abundance and frequency at a site and exceptionally low indicator values reflect variables that 

have unusually low abundance and frequency at a site. The indicator species analysis also 

includes non-vegetative cover (bare ground, litter cover, and moss cover). Indicator values of 

70 or greater for either the reintroduced site or the combination of reference sites are provided. 

All indicator values have a p-value < 0.01. 

Site 

Indicator value 

Functional group Species Reintro. 

site 

Reference 

sites 

Bald Hill 

91 2 Native perennial forb Fragaria virginiana 

87 3 Native perennial forb Prunella vulgaris 

22 77 
 

Litter cover 

76 0 Exotic perennial forb Leucanthemum vulgare 

75 14 
 

Bare ground 

75 0 Exotic perennial grass Poa compressa 

74 4 Native perennial forb Potentilla gracilis 

20 73 Exotic annual grass Aira caryophyllea 

Pigeon 

Butte 

96 1 Exotic perennial grass Dactylis glomerata 

90 3 Native perennial forb Fragaria virginiana 

89 0 Exotic perennial shrub Rosa eglanteria 

1 88 Exotic annual grass Aira caryophyllea 

0 80 Exotic perennial forb Hypochaeris radicata 

77 0 Exotic annual forb Vicia tetrasperma 

76 0 Exotic perennial forb Leucanthemum vulgare 

76 6 Exotic perennial grass Arrhenatherum elatius 

73 8 Exotic perennial grass Holcus lanatus 

71 29   Litter cover 

Field 29 

4 85 Exotic annual grass Aira caryophyllea 

80 0 
 

Bare ground 

71 21 Exotic perennial forb Hypochaeris radicata 

Greenhill 

0 82 Native perennial forb Symphyotrichum hallii 

74 19 Native perennial graminoid Juncus occidentalis 

3 73 Native perennial forb Prunella vulgaris 

Rathbone 

Rd 

0 83 Native perennial forb Grindelia integrifolia 

75 10 Exotic perennial forb Leucanthemum vulgare 

74 0 Exotic perennial forb Daucus carota 

18 73 Native perennial grass Deschampsia cespitosa 
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Soil patterns 

We identified several major environmental gradients associated with community 

composition, including categorical groups (Figure 2). A NMS ordination of sites in species 

space resulted in a 2-dimensional stable solution (final stress = 5.31645, final instability = 

0.0000). A randomization test confirmed that the final stress was lower than expected by 

chance (p = 0.0196). Cumulatively, both axes explained 89.4% of the variance, with axis 1 

explaining the majority (65.5%), and axis 2 sharing the remainder (23.9%). Grouping of sites 

by prairie community was apparent, suggesting a strong distinction between upland and 

wetland prairie communities. May and June soil moisture levels were weakly associated with 

axis 1 (r = 0.27 and r = -0.02, respectively) and so were not labeled in Figure 2. However, July 

soil moisture was strongly associated with axis 1 (r = 0.58), giving it a strong association with 

upland prairies. In fact, it was highest at Bald Hill and Pigeon Butte, two upland prairies 

(Table 2).  

PDIR and heatload were strongly associated with axis 2 (r = 0.74 for both, Figure 2), 

giving them strong associations with wetland prairies. PDIR was higher in wet prairies (t = -

2.39, p = 0.08). These relationships are due to the fact that all wetland prairies included in this 

study were flat, and the upland prairies were on north- or west-facing slopes. However, there 

was no relation between recruitment levels and PDIR or heat load (adj. r
2
 = -0.14, p = 0.53 and 

adj. r
2
 = -0.33, p = 0.92, respectively).  

Recruitment was not linearly related to soil characteristics (p > 0.10, Appendix C) 

Soil durability and pH were strongly associated with axis 1 (r = 0.61 and r = 0.53, 

respectively, Figure 2), indicating an association with upland prairies. Electrical conductivity 

and percent clay were negatively associated with axis 2 (r = 0.71 and r = -0.45, respectively), 

also indicating an association with upland prairies. Bulk density was negatively associated 

with axis 1 (r = -0.58), indicating that the wetland prairies had higher bulk density. It was also 

significantly higher in wetland prairies than in upland prairies (t = -2.46, p = 0.04).  

A NMS ordination of samples in soil space (Figure 3) resulted in a 1-dimensional 

stable solution (final stress = 5.57, final instability = 0.0000). A randomization test confirmed 

that the final stress was lower than expected by chance (p = 0.0196). Axis 1 explained 98.5% 

of the variance. Overall, there was a strong grouping of soil samples by sites. Most West 

Eugene Wetland sites exhibited strong overlap, with Kingston Prairie and Greenhill grouping 

together high on axis 1. Bald Hill was very low on axis 1 and was the most isolated. The 
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indicator species analysis provided statistically significant indicator values for soil 

characteristics in reintroduced sites (Table 5). Field 29 and Greenhill had the most significant 

indicator values (p < 0.05), suggesting they has unusual soil characters. However, they 

overlapped with Kingston Prairie in ordination space demonstrating that they fell within the 

variation of the reference sites. Bald Hill had strong indicators, demonstrating that it has a few 

soil characters that are particularly unusual relative to the reference sites. Bald Hill had the 

highest electrical conductivity, percent clay, and July soil moisture, and the lowest percent silt 

(Table 2). Pigeon Butte also had high clay and July soil moisture, but it’s values fell within the 

range of reference sites (Figure 3). 

 

 

Figure 3. NMS ordination of soil characteristic data across soil samples. Points represent 

samples in soil space, and distance between points indicates similarity of soil characteristics in 

samples. Samples are grouped by site. 

  

Soil

Axis 1

Site

Baskett Butte
Bald Hill
Fisher Butte
Pigeon Butte
Field 29
Greenhill
Rathbone Rd
Kingston Prairie
Oxbow West
Willow Creek
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Table 5. Indicator values of soil characteristics that differentiate sites. Each reintroduced site 

was contrasted in a separate ISA with a combination of reference sites of the same community 

type (upland versus wetland prairie). Most indicator values reflect variables that have 

unusually high abundance and frequency at a site and exceptionally low indicator values 

reflect variables that have unusually low abundance and frequency at a site. Only indicator 

values greater than 50 for either the reintroduced site or the combination of natural sites are 

provided. Indicator values with a  p-value < 0.05 are provided. 

Site 

Indicator value 
p-

value 
Soil characteristic Reintro. 

site 

Reference 

sites 

Bald Hill 

70 30 0.03 Electrical conductivity 

37 63 0.01 Percent silt 

61 39 0.05 Percent clay 

Pigeon Butte 54 46 0.02 Bulk density 

Field 29 

37 63 0.01 May moisture 

38 63 0.01 July moisture 

56 44 0.01 Bulk density 

46 54 0.01 pH 

53 47 0.01 Percent silt 

Greenhill 

30 70 0.01 July moisture 

36 64 0.01 Electrical conductivity 

40 61 0.01 May moisture 

41 59 0.04 June moisture 

44 56 0.03 Percent silt 

Hynix 52 48 0.02 pH 

 

DISCUSSION 

 

Our results suggest that E. decumbens recruitment is negatively affected by low seed 

viability, high abundance of exotic species, and uncommon soil characteristics.  Recruitment 

was highest in sites whose environmental and population variables fell within the range of 

natural sites. These results add to a growing body of evidence that suggests that determining 

recruitment predictors is of critical importance for creating self-sustainable populations of rare 

plant species (Eriksson and Ehrlén, 1992; Pavlik, 1996; Kephart, 2004; Jusaitis, 2005; Falk et 

al., 2006; Guerrant and Kaye, 2007; Kaye, 2009; Albrecht and McCue, 2010; Godefroid et al., 

2011; Maschinski and Haskins, 2012).  
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Recruitment levels and founder population variables 

We found a weak relationship between recruitment levels and percent survivorship. 

Two of the five reintroduced populations had good survivorship, but poor recruitment. This 

indicates that survivorship is an unreliable predictor of recruitment success. The conditions 

required for later life stages might be different from those required for germination and early 

life stages (Maschinski et al., 2012).  

There was little difference between remnant and restored prairies used in 

reintroductions, particularly in E. decumbens performance and abiotic factors. May soil 

moisture was significantly lower in restored prairies, but bulk density was positively 

associated with May soil moisture, suggesting that a lack of pore space prevents heavy spring 

precipitation from permeating the soil. The two sites with the highest recruitment levels were 

intensively restored prairies. When comparing reintroductions of Lantana canescens in 

restored sites to exotic-invaded  remnant sites, survival was the same, but seedling 

establishment was greater in restored sites (Possley et al., 2009). These findings suggest that 

population sustainability is more likely in sites with less exotic cover and more functional soil 

processes, which can often be better provided by restored ecosystems (Hobbs and Norton, 

1996; Baer et al., 2002).  

Field 29 had a relatively high recruitment level (Table 2). It was an upland prairie that 

was restored with dominant perennial bunchgrasses such as Elymus glaucus and Festuca 

roemeri. Filling in the gaps between the grass bunches were mostly bare ground, some exotic 

forbs, and Anthoxanthum aristatum. Rathbone Road was a restored wetland prairie and had the 

highest recruitment level (Table 2). It was generally dominated by Deschampsia cespitosa, but 

we observed that quadrats with the most recruits were slightly higher and drier with less bare 

ground than those quadrats with D. cespitosa pedestals on the same site and were mostly 

dominated by Anthoxanthum odoratum and Leontodon taraxacoides. 

Reintroduced populations had similar variation in crown size and capitula number to 

natural populations. The significant associations of recruitment ratio to crown size and 

capitula number do not necessarily indicate that larger plants with many capitula create more 

recruits. Even large plants with many capitula can have low fecundity, as suggested by the 

lack of associations of crown size and capitula number with seed viability. Instead, we suggest 

certain external factors, such as tolerable competition levels and suitable soil characteristics, 
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can simultaneously encourage large plants, good capitula production, and high recruitment 

levels.  

Seed viability was significantly lower in reintroduced populations than in natural 

populations and crown size and capitula number were not significantly different. This suggests 

that maternal vigor is probably adequate in both population types and so probably does not 

limit seed viability. Source populations probably did not limit seed viability because 

transplants at Pigeon Butte, Field 29, and Bald Hill all came from the same source populations 

and had varying seed viability and varying recruitment. The number of viable seeds per 

individual was positively associated with recruitment levels, suggesting that high capitula 

number combined with high seed viability could be a strong predictor of recruitment levels. 

Thorpe and Kaye (2011) found that seed viability of wild E. decumbens populations was 

positively associated with population size and suggest that seed viability might be limited by 

inbreeding or pollination limitations. Few studies have tested the effects of low seed viability 

on recruitment in reintroductions of other Asteraceae species, but several studies have found 

low seed viability to have negative effects on recruitment in distantly related species (Gross, 

1984; Tripathi and Khan, 1990; Eriksson and Ehrlén, 1992). 

 

Community patterns 

Although upland and wetland prairies had distinct communities, the differences 

between upland and wetland prairies were not predictive of E. decumbens response. Both 

types of prairie supported high and low levels of seed viability, survivorship, and recruitment.  

Pigeon Butte contained an unusual community due to its high abundance of exotic 

species. These species created a highly competitive environment and deep litter levels, which 

could be, in part, due to a lack of the historical fire regime . This is of particular interest 

because Pigeon Butte had good survivorship, but it also had the lowest recruitment level. 

Recruitment was highest at sites with relatively high bare ground cover. This suggests E. 

decumbens transplants can fare adequately in deep litter, but competition with exotic grasses 

and high litter levels could be detrimental to seedling establishment of E. decumbens. If 

survivorship is a reintroduction goal for this species, then litter could be a low priority for site 

preparation treatments; if recruitment is a goal, then litter should be minimized (Richardson et 

al., in press; Jones, 2012). A study on the rare forb Arabis fecunda found recruitment to be 

higher in plots where weeds were removed, but there was no effect on survivorship, growth or 
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fecundity (Lesica and Shelly, 1996). Competition from invasive plant species is widely known 

to inhibit rare species reintroduction success (e.g., Brauner, 1988; Carlsen et al., 2000; 

Jusaitis, 2005), although failures are rarely reported (Godefroid et al., 2011; Guerrant, 2012).  

Greenhill had low survivorship, but it was planted 11 years prior to this study, longer 

in the past that any other study site, so natural die-off was likely. The community composition 

and soil characteristics fell within the range of the wetland prairie reference sites. It had very 

low seed viability, but adequate source populations for relatively high genetic diversity. We 

suggest the cause of low recruitment at Greenhill may be due to pollen limitation (stigma 

contamination from pollen of other species) or unmeasured variables. A study of New 

England rare species reintroductions with high survivorship suggested that pollen limitation 

caused low recruitment (Drayton and Primack, 2000). Several studies have found extinction 

rates of rare species to be accelerated by stigma contamination of heterospecific pollen 

(Feinsinger et al., 1986; Klinkhamer and Jong, 1990), and by insufficient pollinator visitation 

due to allee effects of small populations (Groom, 1998; Hackney and McGraw, 2001).  

 

Soil patterns 

Soil moisture levels were not significantly different between upland and wetland 

prairies. This may be because E. decumbens occurs near the top of Deschampsia cespitosa 

pedestals in wetland prairies. In an earlier study, no E. decumbens transplants survived 

transplanting into restored wetland prairies that lacked the vertical structure of pedestals 

(unpublished data). It was unexpected that relatively high July soil moisture levels were more 

closely associated with upland prairies than with wetland prairies. We believe this is due to the 

tendency of these upland prairies to have higher levels of clay and electrical conductivity, and 

lower levels of silt, than the soil in the D. cespitosa pedestals, which are likely to to decrease 

evaporation in the summer (Brady and Weil, 2002). 

Bald Hill had soil characteristics that differed from reference sites due to its high 

electrical conductivity, clay, and July soil moisture, and low silt. The high conductivity level 

was probably caused by high clay content wicking up more salts and by the Corvallis fault (J. 

Noller, personal communication, April 30, 2012). The fault is high in gypsum which could 

raise the conductivity of the soil. High clay content can increase the water-holding capacity of 

the soil (Brady and Weil, 2002), lowering drainage and preventing drying during the late 

summer and fall. This is also supported by Bald Hill’s highest July soil moisture level. Bald 
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Hill had very low recruitment, capitula number, and seed viability. We are unsure how these 

factors directly affect E. decumbens, but we suggest that these soil characteristics could be 

related to a lack of E. decumbens establishment. In the reintroduction efforts of four species 

(Antennaria flagellaris, Arabis macdonaldiana, Eriophyllum mohavense, and Monardella 

linoides) populations completely failed due to inadequate soil characteristics (Fiedler, 1991). 

 

Conclusions/Suggestions 

Our results provide valuable references and tools for use in habitat selection and 

management of future E. decumbens reintroductions (Appendix B). Specifically, our results 

suggest  

1. Recruitment is highest when the population has high capitula number and high seed 

viability together. 

2. High abundance of exotic species, deep litter layers, and a lack of the historical fire 

regime create a highly competitive environment that can prevent E. decumbens 

seedlings from establishing.  

3. Inappropriate soil quality can adversely affect recruitment. 

Rathbone Road and Field 29, the two highest recruiting sites, had adequate 

community composition, soil, and source populations. Therefore, we conclude that 

recruitment is less limited at these sites, creating self-sustainable populations. We suggest that 

these sites can provide high quality reference communities and soil types for use in habitat 

selection and management of future E. decumbens reintroductions. 

We found the limitations of recruitment to be related to the ratio of native to exotic 

species in the community, capitula number and seed viability of a founder population, litter 

depth, and soil texture. When controlling for propagule variety and transplant population size, 

individual site characteristics can have a diverse effect on the outcome of a reintroduction 

(Helenurm, 1998; Morgan, 1999; Bottin et al., 2007). Habitat selection is more complex than 

selecting community and soil types. It requires more focus on finer features, such as multiple 

soil characteristics and species interactions above and below ground. 

Despite the limitations of a small dataset, we believe we designed a sound and 

efficient protocol for analyzing reintroduction data using multivariate analyses. Small sample 

size is a common limitation for reintroduction data, so this analysis could be useful for rare 
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species managers. In the future, we hope this study will be used to model how this information 

can be gathered and analyzed for the successful reintroductions of other rare plant species.  
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Appendix A. Species composition within quadrats in upland and wetland prairies of 

Willamette Valley, Oregon, USA 
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Table 1. Percent cover of all species found within quadrats in study sites. Species with less 

than 0.5% cover at a site are denoted with a “t” for “trace”. 
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Bare ground   10 37 19 1 43 26 12 15 13 18 

Rock/wood stump   2 0 0 0 t t 1 0 0 0 

Litter cover   34 11 20 91 17 19 40 12 18 20 

Moss cover   15 1 0 12 0 5 1 0 8 t 

Achillea millefolium Native perennial forb t t 0 2 0 0 t 0 0 0 

Agrostis stolonifera Exotic perennial grass t 0 1 21 16 4 32 t 1 t 

Aira caryophyllea Exotic annual grass 2 1 t t t t 8 t 1 t 

Allium amplectens Native perennial forb 0 0 0 0 0 0 t 0 0 t 

Alopecurus pratensis Exotic perennial grass 0 0 0 0 0 0 0 0 t 0 

Anthoxanthum 

aristatum Exotic annual grass 0 0 0 0 8 0 7 12 17 0 

Anthoxanthum 

odoratum Exotic perennial grass 0 0 32 0 0 19 0 11 4 23 

Arrhenatherum elatius Exotic perennial grass 3 0 0 5 0 0 0 0 0 0 

Brachypodium 

sylvaticum Exotic perennial grass 0 t 0 0 0 0 0 0 0 0 

Briza minor Exotic annual grass 0 t t 0 t t t t t t 

Brodiaea coronaria Native perennial forb 0 0 0 t 0 0 0 0 0 0 

Brodiaea elegans Native perennial forb t t t t 0 0 t 0 t 0 

Bromus carinatus Exotic perennial grass t 1 0 t 0 0 5 0 0 t 

Bromus hordeaceus Exotic annual grass 1 2 t 4 t 0 2 0 0 t 

Bromus sterilis Exotic annual grass t 0 0 0 0 0 0 0 0 0 

Calochortus tolmiei Native perennial forb t t 0 t 0 0 0 0 0 0 

Calystegia atriplicifolia Native perennial forb 0 0 0 5 0 0 0 0 0 0 

Camassia leichtlinii Native perennial forb 0 0 0 0 0 0 4 0 0 0 

Camassia quamash Native perennial forb 0 t t 0 0 0 0 t t 1 

Carex densa 

Native perennial 

graminoid 0 0 0 0 0 0 0 0 t 0 

Carex ovalis 

Native perennial 

graminoid 0 0 0 0 0 0 0 0 t 0 

Carex tumulicola 

Native perennial 

graminoid 0 t 0 t 0 0 0 0 0 0 

Castilleja tenuis Native annual forb 0 t 0 0 0 0 t 0 0 0 

Centaurium erythraea Exotic annual forb t 1 1 1 0 t t 3 1 t 
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Table 1 (Continued) 

Species Provenance 
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Cerastium glomeratum Exotic biennial forb t t 0 t 0 0 0 0 0 0 

Cirsium vulgare Exotic biennial forb t t 0 0 0 0 0 0 0 0 

Clarkia amoena Native annual forb 0 0 0 0 0 0 t 0 0 0 

Clarkia purpurea Native annual forb 0 t 0 0 0 0 0 0 0 0 

Crataegus douglasii Native tree 0 0 t 0 0 0 0 t 0 0 

Crataegus monogyna Exotic tree 0 t 0 0 0 0 0 0 t 0 

Crepis setosa Exotic annual forb t t t t 0 0 0 0 0 t 

Cruciata laevipes Exotic perennial forb 0 0 0 t 0 0 0 0 0 0 

Cynosurus cristatus Exotic perennial grass 0 1 0 t 0 0 0 0 0 0 

Cynosurus echinatus Exotic annual grass 3 4 0 3 0 0 0 0 0 0 

Cytisus scoparius Exotic perennial shrub 0 0 0 0 0 0 t 0 0 0 

Dactylis glomerata Exotic perennial grass 2 1 0 18 0 0 0 0 0 0 

Danthonia californica Native perennial grass 11 1 1 t 10 0 t 1 t 4 

Daucus carota Exotic perennial forb 18 7 t 9 0 0 0 0 1 0 

Delphinium menziesii Native perennial forb 0 0 0 0 0 0 t 0 0 t 

Deschampsia cespitosa Native perennial grass 0 5 20 0 0 34 0 23 15 24 

Dianthus armeria Exotic annual forb 0 t t 0 0 0 0 0 0 0 

Dichanthelium 

acuminatum Native perennial grass 0 0 6 0 0 0 t 14 1 4 

Dodecatheon jeffreyi Native perennial forb 0 0 0 0 0 0 t 0 0 0 

Elymus glaucus Native perennial grass 9 3 0 t 3 0 0 0 0 0 

Epilobium ciliatum Native perennial forb 0 0 0 0 0 t t 0 t 0 

Erigeron decumbens Native perennial forb 1 1 2 1 1 1 8 2 3 4 

Eriophyllum lanatum Native perennial forb t t t t 0 t 1 t t t 

Festuca roemeri Native perennial grass 9 10 0 0 8 0 0 0 0 0 

Fragaria virginiana Native perennial forb 4 21 0 17 0 0 0 0 t t 

Fraxinus latifolia Native tree 0 0 t 0 0 0 0 0 t 2 

Galium parisiense Exotic annual forb t t t t t 0 1 0 t t 

Geranium dissectum Exotic annual forb t 0 0 t t 0 1 0 t 0 

Grindelia integrifolia Native perennial forb 0 t 3 0 0 1 0 7 0 4 

Heterocodon 

rariflorum Native annual forb 0 0 0 0 0 0 t 0 0 0 

Holcus lanatus Exotic perennial grass 2 2 1 4 0 t t t 1 1 

Hordeum 

brachyantherum Native perennial grass 0 0 0 0 0 0 0 0 0 0 
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Table 1 (Continued) 
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Horkelia congesta Native perennial forb 0 0 t 0 0 0 0 0 0 0 

Hypericum perforatum Exotic perennial forb t t t t t 0 t t t 0 

Hypochaeris radicata Exotic perennial forb 4 1 t 0 8 2 2 3 4 1 

Juncus bufonius 

Native annual 

graminoid 0 0 t 0 0 0 0 0 0 0 

Juncus effusus 

Native annual 

graminoid 0 0 0 0 0 0 0 0 t 0 

Juncus nevadensis 

Native perennial 

graminoid 0 0 t 0 0 0 0 0 0 0 

Juncus occidentalis 

Native perennial 

graminoid 0 t t 0 0 1 t 1 1 1 

Juncus oxymeris 

Native perennial 

graminoid 0 0 0 0 0 0 0 0 t t 

Juncus tenuis 

Native perennial 

graminoid 0 0 t 0 0 0 0 0 0 0 

Lathyrus hirsutus Native annual forb 0 0 0 0 0 0 0 0 t 0 

Leontodon 

taraxacoides Exotic biennial forb 1 t t 0 0 5 4 6 13 9 

Leucanthemum vulgare Exotic perennial forb 0 2 0 4 0 0 t 1 2 2 

Linum bienne Exotic perennial forb 1 4 t 0 0 0 0 1 t 1 

Lomatium nudicaule Native perennial forb t 2 0 0 t 0 0 0 0 0 

Lotus micranthus Native annual forb 0 0 0 t 1 0 0 0 t 0 

Lotus pinnatus Native perennial forb 0 0 0 0 0 0 0 0 0 t 

Lotus unifoliolatus Native annual forb 0 1 0 t t 5 2 t 3 t 

Lupinus arbustus Native perennial forb 0 0 0 1 0 0 0 0 0 0 

Lupinus bicolor Native annual forb 0 t 0 t 0 0 0 0 0 0 

Lupinus oreganus Native perennial forb 5 0 0 0 0 0 t 0 0 0 

Luzula campestris 

Native perennial 

graminoid 0 t t t 0 0 0 0 0 t 

Luzula comosa 

Native perennial 

graminoid t t 0 t 0 0 0 0 0 0 

Madia glomerata Native annual forb 0 0 0 0 0 0 0 t 1 0 

Malus fusca Native tree t 0 0 t 0 0 0 t 0 t 

Mentha pulegium Exotic perennial forb 0 0 2 0 0 0 0 t 9 3 

Microseris laciniata Native perennial forb 0 t t 0 t 1 t t t t 

Myosotis discolor Exotic annual forb t t 0 t t 0 0 t 0 0 

Navarretia intertexta Native annual forb 0 0 0 0 0 0 1 0 0 t 
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Table 1 (Continued) 
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Parentucellia viscosa Exotic annual forb t t t 1 t t t t t t 

Perideridia gairdneri Native perennial forb 0 0 0 t 0 0 1 0 0 0 

Phleum pratense Exotic perennial grass 0 t 0 3 0 0 0 0 0 0 

Plantago lanceolata Exotic annual forb 8 5 1 t 0 0 t 1 t t 

Platanthera dilatata Native perennial forb 0 0 0 t 0 0 0 0 0 0 

Poa compressa Exotic perennial grass 0 0 0 t 0 0 t 0 t 0 

Poa pratensis Exotic perennial grass t 0 0 0 0 0 0 0 0 0 

Potentilla gracilis Native perennial forb t 12 t t 0 1 6 0 0 2 

Prunella vulgaris Native perennial forb 2 9 1 t t t t 2 2 1 

Pteridium aquilinum Native perennial forb 0 0 0 5 0 0 0 0 0 0 

Quercus garryana Native tree 0 0 0 t 0 0 0 0 0 0 

Ranunculus 

occidentalis Native perennial forb 0 t 0 0 0 0 0 0 0 t 

Rhamnus purshiana Native tree 0 0 0 t 0 0 0 0 0 0 

Rosa eglanteria Exotic perennial shrub t 0 0 6 0 0 1 0 0 0 

Rosa nutkana Native perennial shrub 1 0 2 0 0 0 0 1 0 5 

Rubus armeniacus Exotic perennial shrub t 0 t t 0 0 t t 3 1 

Rumex acetosella Exotic perennial forb 0 0 t 0 t 0 0 t t 0 

Rumex salicifolius Native perennial forb 0 0 0 0 0 0 0 0 0 0 

Sanguisorba annua Native annual forb 0 0 0 0 0 0 t 0 0 0 

Saxifraga oregana Native perennial forb 0 0 0 0 0 0 t 0 0 0 

Schedonorus phoenix Exotic perennial grass 0 2 0 3 0 0 1 t 4 0 

Senecio jacobaea Exotic perennial forb t 0 t t t 0 0 t t t 

Sherardia arvensis Exotic annual forb 0 0 0 t 0 0 t 0 0 0 

Sidalcea campestris Native perennial forb 0 t 0 0 0 0 t 0 0 0 

Sidalcea malviflora Native perennial forb 0 0 0 3 t 0 0 0 0 0 

Sisyrinchium 

angustifolium Native perennial forb 0 t 1 0 0 0 t t t t 

Spiranthes porrifolia Native perennial forb 0 0 0 0 0 0 0 t 0 0 

Symphoricarpos albus Native perennial shrub 0 0 0 1 0 0 0 0 0 0 

Symphyotrichum hallii Native perennial forb t t 1 t 0 t 1 3 t 3 

Symphyotrichum 

retroflexum Native perennial forb 0 0 0 0 0 t 0 0 0 0 

Taraxacum officinale Exotic perennial forb t 0 0 0 0 0 0 0 0 0 

Torilis arvensis Exotic annual forb t t 0 t 0 0 0 0 0 0 
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Table 1 (Continued) 
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Toxicodendron 

diversilobum Native perennial shrub 3 0 0 0 0 0 0 0 0 0 

Trifolium cyathiferum Native annual forb 0 0 0 0 0 0 t 0 0 0 

Trifolium dubium Exotic annual forb t 1 0 1 t 0 t 0 0 0 

Trifolium repens Exotic perennial forb 0 0 0 0 t 0 0 0 0 0 

Triteleia hyacinthina Native perennial forb 0 t t 0 0 0 t t 0 t 

Veronica arvensis Exotic annual forb 0 t 0 t 0 0 0 0 0 0 

Vicia villosa Exotic annual forb 0 t 0 0 0 0 0 0 0 0 

Vicia hirsuta Exotic annual forb t t 0 t 0 0 0 0 0 0 

Vicia sativa Exotic annual forb t t 0 0 1 0 t 0 0 0 

Vicia tetrasperma Exotic annual forb 0 t 0 1 0 0 0 0 1 t 

Vulpia sp. Exotic annual grass 0 0 0 0 1 0 1 0 0 0 

Wyethia angustifolia Native perennial forb 0 0 0 0 0 t 0 0 t 1 

Zigadenus venenosus Native perennial forb 0 0 0 t 0 0 t 0 0 t 
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Appendix B. Habitat selection checklist
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Table 1. Value ranges of plant, community, and abiotic variables observed in reference sites 

and reintroduced sites with more than two recruits per transplant survivor. These values can be 

used to select and manage habitats for future Erigeron decumbens reintroductions. 

Variable Observed range 

1. Percent bare ground 10-43% 

2. Percent litter cover < 40% 

3. Percent native species cover > 36% 

4. Percent exotic species cover < 59% 

5. Percent native grass cover > 1% 

6. Percent exotic grass cover < 56% 

7. Percent native forb cover > 3% 

8. Percent exotic forb cover < 35% 

9. Survivor crown size > 76 cm
2
 

10. Survivor capitula number > 6 

11. Percent seed viability > 10.7% 

12. No. viable seeds per indiv. > 114 

13. Beta diversity > 0.60 

14. Litter depth  < 0.8 cm 

15. Heat load 0.85-0.92 

16. PDIR 0.77-0.92 

17. pH 4.5-5.4 

18. Electrical conductivity 210-577 µS 

19. Soil durability 4.0-6.0 

20. Percent clay 25-47% 

21. Percent sand 18-42% 

22. Percent silt 30-39% 

23. Bulk density 0.88-1.28 Mg/m
3
 

24. May moisture 0.33-0.49 g/g 

25. June moisture 0.26-0.41 g/g 

26. July moisture 0.08-0.17 g/g 
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Appendix C. Summary of Welch’s t-tests and linear regression analyses 
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3

 

Table 1. Summary of Welch’s t-tests (n = 10) and linear regression analyses (n = 5) performed in order to determine differences 

between site categories and possible predictors of recruitment. Numbers provided for Welch’s t-test are p-values. Numbers bolded are 

p ≤ 0.1. 

Welch's t-test Linear regression 

Response Variable 

Predictor Variable 
Response 

Variable 
Predictor Variable Adj. r

2
 

p-

value Natural vs. 

Introduced 

Wet Prairie vs. 

Upland Prairie 

Remnant Prairie 

vs. Restored Prairie 

Percent survivorship N/A N/A N/A 

Recruitment 

ratio 

Percent survivorship 0.4158 0.1447 

Survivor crown size 0.6949 0.9335 0.9819 Survivor crown size 0.6884 0.0518 

Survivor capitula count 0.8230 0.9270 0.5297 Survivor capitula count 0.8281 0.0205 

Seed viability 0.0505 0.5863 0.1364 Seed viability 0.2948 0.2006 

Individual viability 0.8230 0.5796 0.5297 Individual viability 0.8281 0.0205 

Beta diversity 0.5350 0.1626 0.4914 Beta diversity 0.3013 0.1973 

Litter depth 0.8073 0.0813 0.6441 Litter depth -0.3129 0.8428 

Heat load 0.9034 0.1138 0.5295 Heat load -0.3281 0.9201 

PDIR 1.0000 0.0751 0.5695 PDIR -0.1430 0.5307 

pH 0.8960 0.1626 0.5440 pH -0.2336 0.6561 

Electrical conductivity 0.5544 0.2459 0.4393 Electrical conductivity -0.0886 0.4717 

Soil durability 0.9057 0.1205 0.8174 Soil durability -0.2320 0.6534 

Percent clay 0.4017 0.9363 0.8457 Percent clay -0.3295 0.9320 

Percent sand 0.8251 1.0000 0.9523 Percent sand -0.1551 0.5450 

Percent silt 0.1474 0.9170 0.7460 Percent silt 0.0343 0.3636 

Bulk Density 0.4384 0.0401 0.1360 Bulk Density -0.3193 0.8694 

May Moisture 0.1199 0.6660 0.0820 May Moisture -0.3331 0.9850 

June Moisture 0.2225 0.7875 0.1072 June Moisture -0.3327 0.9718 

July Moisture 0.9103 0.1431 0.4921 July Moisture -0.2972 0.7912 

 


