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Abstract 

ECOLOGICAL AND EVOLUTIONARY DRIVERS 

OF LOCAL AND REGIONAL SPREAD IN   

DITTRICHIA GRAVEOLENS, AN INVASIVE ANNUAL PLANT 

 

Miranda K. Melen 

 

Invasive plants significantly threaten ecosystems, especially when they expand away 

from anthropogenic environments into natural habitats. This dissertation investigates 

the ecological and evolutionary drivers of invasion in Dittrichia graveolens 

(stinkwort), a recent California invader primarily associated with roadsides but 

showing signs of spread into adjacent vegetated areas. Chapter 1 examines whether 

adaptive differentiation facilitates this shift. We found no evidence that D. graveolens 

populations have evolved traits favoring performance in grassland habitats, 

suggesting that roadside populations are not yet adapted to compete in established 

vegetation. Chapter 2 reveals that the roadside association of D. graveolens is likely 

due to its poor competitive ability. Resident grassland species severely limited D. 

graveolens growth in both greenhouse and field experiments. This highlights the 

interacting roles of competition and disturbance in driving invasion patterns in this 

species. Chapter 3 explores the dormancy and germination traits of D. graveolens, 

seeking evidence for the evolution of reduced dormancy in edge populations. 

Contrary to prediction, seed bank behavior was similar between core and edge 
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populations. Most seeds germinated in the first year immediately after the first rain, 

but burial strongly affected germination. Together, these chapters deepen our 

understanding of the constraints and drivers of D. graveolens invasion. Effective 

management practices should prioritize limiting soil disturbance, promoting 

competition to restrict D. graveolens spread, and strategically manipulating seed 

burial in conjunction with control efforts. 
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Introduction 

Biological invasions allow us to study the interplay of ecology and evolution in the 

context of rapid global change. Rapid environmental changes and human activities 

are linked to biological invasions as a global phenomenon (Moran and Alexander 

2014), causing significant ecological, economic, and human health impacts (Vitousek 

et al. 1997; Mack et al. 2000; Pyšek and Richardson 2010; Paini et al. 2016). Diagne 

et al. (2021) estimate that between 1970 and 2017, the total minimum reported costs 

of biological invasions globally was US$1.288 trillion (2017 US dollars), an average 

of US$26.8 billion annually. Biological invasions create natural experiments where 

ecological processes and evolutionary responses intersect, and through this lens, we 

can assess how species respond to novel environments. Climate change, habitat 

disturbance, and globalization are accelerating the spread of invasive species (Hulme 

2009; Poland et al. 2021). Understanding the relationship between invasive species 

ecology and evolution is critical for forecasting and mitigating impacts. An 

integrative approach that considers both ecological pressures and evolutionary 

potential is an important tool for managing invasive species in our changing world. 

 

Rapid evolution can enable invasives to exploit new niches, adapt to competitive 

pressures, enhance dispersal, or lose seed bank dormancy to confer greater fitness. 

Adaptive evolution in response to ecological change or novel conditions is now 

recognized as a common feature of populations in both wild and managed systems 

(Thompson 1998; Hairston et al. 2005; Phillips and Shine 2006; Prentis et al. 2008). 
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Non-native species have provided many of our best examples of this evolutionary 

change in response to ecological conditions (Thompson 1998; van Kleunen and 

Fischer 2008; Lande 2015; Rollins et al. 2015; Reznick et al. 2019), and there is 

mounting evidence that rapid evolution may play a prominent role in invasions 

(Phillips and Shine 2006; Rollins et al. 2015). In plants, this has included the 

evolution of life history (Maron et al. 2004; Dlugosch and Parker 2008b), reduced 

defense (Turner et al. 2014; Ethridge et al. 2023), and phenological adaptation 

(Buswell et al. 2011; Colautti and Barrett 2013). While many non-native plants show 

evidence of adaptive evolution in their introduced range, it is still unclear how often 

evolution directly affects the invasion or exacerbates the invader's impact (Zenni et al. 

2014; Colautti and Lau 2015). Rapid evolution is a concern for management and 

policy because it adds uncertainty to risk assessment and the prediction of invasions. 

 

In actively spreading populations, invasion fronts experience strong selection for 

traits promoting spread, such as high dispersal, high fecundity, and short generation 

time (Travis et al. 2009). Theory predicts that this selection leads to increased 

dispersal and fecundity (Travis and Dytham 2002) and reduced seed dormancy, 

ultimately accelerating invasion rates (Williams et al. 2016). Colonizers thriving 

along roadsides are often adapted to disturbance (Frenkel 1977), capable of tolerating 

some physical stress, and they tend to grow best under low interspecific competition 

(“ruderal” sensu Grime 1977). These species typically exhibit traits associated with 

“r-selected” life history strategies, including early maturation, high seed output, and 
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rapid generation times (Oka 1983; Bazzaz 1986). However, as individuals disperse 

away from roadsides through secondary spread, they encounter more stable, less 

disturbed environments with higher interspecific competition from established 

vegetation (Johnston and Johnston 2004; Ward et al. 2020). In such conditions, 

natural selection may favor traits for rapid resource acquisition, supporting their 

persistence in these communities (Grace 1990). 

 

Roadsides, transportation corridors, and other disturbed environments facilitate 

primary spread of non-native species (Baker 1974; Tyser and Worley 1992; 

McDougall et al. 2018). The movement of species away from roadside edges and into 

established vegetation (secondary spread) is a critical phase in the invasion process 

(Ward et al. 2020). Habitat associations reflect ecological trade-offs, where species 

thrive in certain conditions but face limitations from biotic interactions with nearby 

resident species. Ruderal species are often the first to colonize roadsides and bare 

ground but are typically poor competitors in undisturbed environments (Frenkel 1977; 

Grime 1977, 2006). Disturbance creates heterogeneity and reduces competition by 

freeing space and resources, enabling colonizers to exploit these opportunities (Hobbs 

and Huenneke 1992; Greipsson 2011; Catford et al. 2012). This process underscores 

the vital role of disturbance in facilitating the invasion of many non-native species 

(Pimm 1989; Hobbs and Huenneke 1992; Tyser and Worley 1992; Minchinton and 

Bertness 2003; McDougall et al. 2018). 
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Seed dormancy is a critical phase of the plant life cycle and affects population 

dynamics and the maintenance of plant diversity (Gioria et al. 2012; Funk et al. 

2020). Seed banks are a bet-hedging strategy for annual plants (Cohen 1966; Philippi 

and Seger 1989; Simons 2011; Lennon et al. 2021). A long-lived seed bank may 

allow invasive species to persist in variable environments;  at the same time, in 

colonizing species under selection to spread rapidly, dormancy may be selected 

against.  Long-lived seed banks are an essential part of the life history of many weedy 

species (Gioria et al. 2012), and seed banks provide a persistent, recurring source of 

invasive plants (Roberts and Boddrell 1984; Fletcher et al. 2015; Moravcová et al. 

2018). Understanding the seed bank is a critical research need for managers (Funk et 

al. 2020). Long-term germination behavior is challenging to study, which is probably 

why it is so poorly understood despite its ecological and evolutionary importance. 

Response to seed germination cues can influence cohort dynamics, and management 

response must adapt to control flare-ups and recurring sources of invasion. 

 

Dittrichia graveolens (L.) Greuter (stinkwort) is a fall-flowering annual in the 

Asteraceae family, characterized by yellow radiate flowers and wind-dispersed fruits 

(Brownsey 2012; USDA 2013). It germinates during the rainy season (Brownsey et 

al. 2013a) and spends several months as a rosette before bolting in June. During its 

rosette stage, the plant often grows inconspicuously under other vegetation and delays 

root development until May and June, when bolting begins. At this point, it develops 

a large taproot, enabling access to nutrients and water deeper in the rhizosphere than 
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many other annual species (DiTomaso and Brownsey 2013; Brownsey et al. 2014). 

Buds appear in late July and August, with flowering occurring from September to 

December and fruiting and seed dispersal from October through December 

(Brownsey et al. 2013b). Plants often exhibit buds, flowers, and seeds simultaneously, 

complicating control efforts. The wind-dispersed fruits feature barbed pappus bristles 

that readily attach to hair, fur, and clothing (DiTomaso and Brownsey 2013). The 

stems and fully developed leaves are covered in glandular hairs that secrete a sticky 

oil, giving the plant a camphor-like scent (Harzallah-Skhiri et al. 2005; Aghel et al. 

2011) and the reason for its common name “stinkwort”. This stickiness facilitates 

propagule movement by adhering to machinery and vehicle undercarriages 

(DiTomaso and Brownsey 2013). 

 

Native to the Mediterranean region of Europe, D. graveolens has successfully 

invaded other continents such as Australia, New Zealand, South Africa, and North 

and South America (Parsons and Cuthbertson 2001; Brownsey 2012; Brownsey et al. 

2013b; Santilli et al. 2021). In Europe, the species has expanded its range and evolved 

to flower earlier in its northern limits, demonstrating its capacity for rapid evolution 

(Lustenhouwer et al. 2018). In California, D. graveolens was first recorded in 1984 

(Preston 1997) and has since been listed as a high-risk invasive species by the USDA 

due to its rapid spread and significant impact potential (Brownsey et al. 2013b; 

USDA 2013). The barbed pappus makes it harmful to livestock when ingested 
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(Meadly 1965; Philbey and Morton 2000) and can cause milk tainting (Meadly 1965), 

while contact with its oils can trigger dermatitis in humans (Thong et al. 2007). 

 

While D. graveolens is thought to thrive primarily along roads and disturbed soils in 

California (Preston 1997; DiTomaso and Brownsey 2013), there is a lack of empirical 

evidence for whether D. graveolens can and will invade undisturbed lands and 

rangelands (USDA 2013). Researchers have hypothesized that due to its slow root 

growth (Brownsey et al. 2013a), D. graveolens may be a poor competitor. It readily 

invades riparian corridors and wetlands (Parsons and Cuthbertson 2001; DiTomaso 

and Brownsey 2013). More recently, observations of D. graveolens by land managers 

and community members in California (Calflora 2024) have included reports of the 

species in rangelands(California Rangeland Conservation Coalition 2014; Melen et al. 

2024), and it is common in rangelands in Australia (Meadly 1965; Parsons and 

Cuthbertson 2001). Populations of D. graveolens that have spread away from 

roadsides will experience selection for more efficient resource use and may adapt to 

better compete with resident plant communities. 

 

In Chapter 1, we tested for adaptive differentiation between D. graveolens 

populations on the roadside and in vegetated habitats. We collected seeds from eight 

pairs of vegetated sites and their nearest (presumed progenitor) roadside population. 

We assessed germination behavior in the lab; germination rates were slightly reduced 

in seeds from vegetated sites, which may indicate lower seed viability. Otherwise, 
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seeds did not show consistent differences between the two habitat types. In a 

randomized block design greenhouse experiment, we assessed differences in the 

response of genotypes from roadside and vegetated sites to competition with Bromus 

hordeaceus and with Festuca perennis. We also tested for increased performance in 

vegetated habitat with a grassland field experiment using a randomized block design 

with a control and a neighbor removal treatment. The control was an unmanipulated 

grassland plant community dominated by European annual grasses, whereas the 

neighbor removal treatment had above- and belowground competition removed by 

hoeing plots before planting D. graveolens and then maintaining the plots with 

weekly weeding. Competition strongly reduced performance of D. graveolens in both 

the greenhouse and the field, but plants originating from vegetated sites did not show 

enhanced competitive ability. Our findings show no evidence of adaptive 

differentiation between D. graveolens populations from roadside and vegetated 

habitats to date, suggesting that invasiveness in grasslands has not been enhanced by 

rapid evolution in the 40+ years since this species was introduced to California. 

Evolutionary constraints or potentially high levels of gene flow at this small scale 

may limit adaptation to novel habitats along roadsides. 

 

In Chapter 2, we tested whether D. graveolens grows best along roadsides due to a 

preference for soil conditions or is limited to these disturbed environments by plant 

competition. We compared the response of both seeds and plants to field topsoil and 

engineered fill as a proxy for the physical microenvironment of roadside soils. Using 



 8 

seeds collected from eight sites in the County of Santa Clara, we compared the 

germination behavior of seeds on the two substrates (field topsoil and engineered fill) 

in a laboratory experiment. There was no germination advantage in engineered fill. 

Competition with two annual grasses (Bromus hordeaceus and Festuca perennis) 

showed strong growth suppression of D. graveolens. However, soil type greatly 

influenced the effect of competition, which was stronger in field soil than in 

engineered fill. Engineered fill limited growth for all species, suggesting that roadside 

soils provide a refuge from competition.  

 

We implemented multiple field experiments to study competition in the field. In Year 

1, we quantified D. graveolens response to four competition treatments: (1) control, 

the grassland including the year’s plant growth as well as the previous year’s thatch; 

(2) thatch removal, which involved raking and removing the previous year’s thatch; 

(3) aboveground removal, where we used a string trimmer to trim grassland 

vegetation to 8 - 13 cm above the ground; (4) and above+below removal, where we 

tilled the soil thoroughly to remove above- and belowground biomass. In Year 2, we 

replicated our test of the relative effect of above- and belowground competition on 

the survival of D. graveolens, with belowground competitor removal and background 

vegetation clipping. We further explored aboveground interactions on D. graveolens 

using a shading experiment. Finally, to separate the effects of belowground 

interactions, we used a two-factor trenching experiment with weed cloth and water 

and water + nutrient additions. Protection from belowground competition with weed 
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cloth substantially increased survival rates, but the water and nutrient treatments were 

not significantly different from control plots. While the most important competition 

mechanism remains unresolved, removing belowground competition significantly 

improved D. graveolens survival and growth, suggesting that competition confines D. 

graveolens to disturbed roadsides. Management should prioritize reducing bare, 

disturbed areas and enhancing plant competition in areas vulnerable to invasion.  

 

In Chapter 3, we investigated the ecological and evolutionary factors 

influencing seed dormancy and germination of D. graveolens. To explore evolution 

with invasive spread, we compared four long-established populations from 

California’s core region with four recently established populations at the invasion 

edge in the foothills of the Sierra Nevada Mountains. Our research included three 

experimental approaches: (1) a mesocosm study to assess germination of surface-

sown seeds under outdoor conditions over three years, (2) a laboratory experiment to 

evaluate the effect of burial depth, and (3) a field dormancy experiment tracking seed 

survival in buried mesh bags over three years. Overall, we found no significant 

difference in dormancy or germination between core and edge populations. Most 

seeds (83.9 %) germinated in the first year, with only a small percentage germinating 

in later years. Burial depth significantly reduced germination, showing a sharp 

decline below 5 mm. Finally, viability persisted through the first (65.9 %) and second 

(59.9 %) years in the field dormancy study, but dropped sharply by year three 

(29.6 %). These findings suggest that D. graveolens dormancy and germination 
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behavior have not evolved on the spreading edge. They respond strongly to rainfall 

seasonality and burial, with most seeds germinating with the first moisture cues, 

unless buried. This study highlights potential management strategies to limit D. 

graveolens spread in California, including monitoring and control after the first rains 

and strategic burial to suppress germination.  
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Chapter 1 

 

Invasion away from roadsides was not driven by adaptation to grassland 

habitats in Dittrichia graveolens (stinkwort) 

 

Abstract 

 

Invasive plants along transportation corridors can significantly threaten ecosystems 

and biodiversity if they spread beyond anthropogenic environments. Rapid evolution 

may increase the ability of invading plant populations to establish in resident plant 

communities over time, posing a challenge to invasion risk assessment. We tested for 

adaptive differentiation in Dittrichia graveolens (stinkwort), an invasive species of 

ruderal habitat in California that is increasingly spreading away from roadsides into 

more established vegetation. We collected seeds from eight pairs of vegetated sites 

and their nearest (presumed progenitor) roadside population. We assessed 

differentiation between populations in roadside and vegetated habitat for germination 

behavior and for response to competition in a greenhouse experiment. We also tested 

for increased performance in vegetated habitat with a grassland field experiment 

including a neighbor removal treatment. Germination rates were slightly reduced in 

seeds from vegetated sites, which may indicate lower seed viability. Otherwise, plants 

did not show consistent differences between the two habitat types. Competition 

strongly reduced performance of D. graveolens in both the greenhouse and in the 
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field, but plants originating from vegetated sites did not show enhanced competitive 

ability. Our findings show no evidence of adaptive differentiation between D. 

graveolens populations from roadside and vegetated habitats to date, suggesting that 

invasiveness in grasslands has not been enhanced by rapid evolution in the 40+ years 

since this species was introduced to California. Evolutionary constraints or potentially 

high levels of gene flow at this small scale may limit adaptation to novel habitats 

along roadsides. 

 

Introduction 

 

Only a small proportion of introduced species will become invasive and have 

substantial ecological impacts (Williamson and Fitter 1996; Blackburn et al. 2011). 

Resource managers must allocate limited resources to management and eradication 

efforts focused on the most problematic species. Assessing the potential risk of newly 

introduced species is essential for prioritizing these efforts (Robinson et al. 2017). 

Such risk assessment includes evaluating which habitats are vulnerable to invasion by 

a species, and evaluating traits that make that species likely to invade those habitats 

(Diez et al. 2012; El-Barougy et al. 2021). Yet traits may evolve. In fact, introduced 

species have provided many classic examples of rapid evolution (Thompson 1998; 

Reznick et al. 2019). Rapid evolution of key traits may play a prominent role in 

promoting invasions (Maron et al. 2004; Buswell et al. 2011; Colautti and Barrett 

2013; Turner et al. 2014). Evolutionary change is a key source of uncertainty in risk 
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assessment for introduced species (Whitney and Gabler 2008; Clements and 

Ditommaso 2011), and there is a strong need for studies that will lead to a more 

comprehensive and nuanced understanding of where and when adaptive evolution 

promotes invasion. 

 

Transportation corridors play an essential role in the early stages of invasion of 

introduced plants (Follak et al. 2018; Hogan et al. 2022). Vehicle traffic facilitates 

spread by moving plant propagules along roadways, accelerating dispersal rates, and 

establishing new roadside populations (Hansen and Clevenger 2005; Von Der Lippe 

and Kowarik 2007). Road construction and maintenance result in roadside soil 

compaction and erosion (Lázaro-Lobo and Ervin 2019; Mills et al. 2020). Runoff 

from roads increases salinity, chemical and heavy metal contaminants, and further 

contributes to soil erosion (Trombulak and Frissell 2000; Lázaro-Lobo and Ervin 

2019). These roadside soil conditions provide ideal corridors for many stress- and 

disturbance-tolerant invasive plant species to take up residence and disperse because 

plant cover is lower (Mills et al. 2020) and plant competition pressures are reduced 

(Greenberg et al. 1997). However, an introduced plant must spread away from these 

anthropogenic environments to be considered a problematic invader. Here, roadside 

populations act as a source of propagule dispersal into adjacent plant communities 

(Hansen and Clevenger 2005; Kalwij et al. 2008; McDougall et al. 2011). 
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Life history theory and adaptive strategies could contribute to our understanding of 

the emergence of invasive species (Guo et al. 2018, 2022). Species that grow along 

roadsides exemplify the classic ruderal life history, with high fecundity, short 

generation time, and long-distance dispersal traits (Frenkel 1977; Dietz and Edwards 

2006; Travis et al. 2009). Life history theory predicts that because of inherent 

evolutionary tradeoffs, ruderal species will be poor competitors in highly competitive 

habitats (Grime 1977; Burton et al. 2010; Pierce et al. 2017). In fact, Guo et al. (2022) 

found that species categorized as invasive were more associated with “competitor” 

traits while species categorized as naturalized but not invasive were associated with 

the “ruderal” traits. Yet individuals dispersing from a roadside population into more 

ecologically stable, vegetated areas will experience strong selection associated with 

greater competition and other environmental conditions such as higher soil fertility, 

differences in moisture availability, soil microbes(McDougall et al. 2011, 2018), and 

increased biotic interactions (e.g., herbivory) (Trombulak and Frissell 2000; Leblond 

et al. 2013; Muñoz et al. 2015). Evolution of traits conferring greater fitness in these 

vegetated habitats could increase invasiveness and exacerbate impact on competing 

resident species. For rapid evolution to promote invasion, however, selection would 

need to overcome those life history tradeoffs underlying adaptive strategies; we do 

not yet know how easily or how often this may occur. The first step is to look for 

evidence of divergence between populations actively spreading away from 

transportation corridors and their ruderal progenitors.  

 

https://www.zotero.org/google-docs/?broken=JTRoSd
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We used Dittrichia graveolens (L.) Greuter (stinkwort) as a model to investigate 

adaptive evolution's role in promoting invasion away from roadside habitats. 

Introduced to California in the early 1980s, this herbaceous member of the Asteraceae 

was originally found in disturbed areas along railroad tracks and roads (Preston 1997; 

Brownsey et al. 2013a). Native to the Mediterranean Basin in Europe, D. graveolens 

grows in bare, disturbed habitats, including roadsides, crop and fallow land, stony 

riverbanks, and ruderal zones associated with annual or biennial weeds (Brullo and de 

Marco 2000; Rameau et al. 2008). It is a fall-flowering annual producing yellow 

radiate flowers and wind-dispersed fruits (Rameau et al. 2008). In California, D. 

graveolens germinates during the winter rainy season (Brownsey et al. 2013a) and 

spends several months growing vegetatively as a rosette before bolting in June. 

Flowering from September to December, D. graveolens sets seed and disperses from 

October through December (Brownsey 2012). Between its first observance in 1984 

and 2012, D. graveolens spread to 62% of California counties (Brownsey et al. 

2013a), reaching 79% of counties (46 out of 58) by 2020. It is now spreading east into 

the Sierra Nevada Mountains along transportation corridors (Calflora 2020). 

 

More recently, D. graveolens in California has been observed spreading into areas 

with established vegetation (Brownsey et al. 2013a), including wildlands and 

rangelands (i.e., areas of natural vegetation grazed by livestock or wild herbivores). 

This calls attention to the potential invasion risk of D. graveolens. The USDA lists D. 

graveolens as a high-risk invasive species based on its high impact potential and 
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ability to rapidly spread (USDA 2013). The plant is dangerous to livestock (Meadly 

1965; Philbey and Morton 2000; Ponticelli et al. 2022) and causes contact dermatitis 

in humans (Thong et al. 2007; Ponticelli et al. 2022). In the County of Santa Clara, 

where the species was first observed, populations of D. graveolens can grow away 

from roadsides and co-occur with grassland species in established vegetative areas. 

 

The introduction and spread of D. graveolens in California provides a unique 

opportunity to test the role of adaptive evolution in its spread away from roadsides. 

Earlier studies demonstrated rapid evolution in D. graveolens as it expanded its native 

range from the Mediterranean into higher latitudes (Lustenhouwer et al. 2018); in a 

common garden in the Netherlands, populations from the northern range edge 

flowered earlier, which increased fitness in the shorter growing season. In addition, 

niche modeling suggests that the species has expanded its climate niche since the 

mid-20th century, consistent with rapid evolutionary change (Lustenhouwer and 

Parker 2022). Similar to California, roadsides played a major role as transportation 

vectors during D. graveolens’ native range expansion from the Mediterranean region 

to northern and central Europe (e.g., Brandes 2009; Frajman and Kaligarič 2009). 

 

Here we studied whether D. graveolens populations in California have undergone 

evolution throughout their spread away from roads into more vegetated areas. We 

tested for phenotypic differences between paired populations: a population colonizing 

a vegetated area and its closest roadside, presumed progenitor, population. We 
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quantified differences in germination behavior and used a greenhouse experiment to 

test for the response to competition in field soils. Finally, we used a field experiment 

in an established grassland to compare genotypes from roadside and vegetated sites in 

their phenology and response to release from competition. 

 

Methods and Materials 

 

Study sites 

 

The County of Santa Clara (37.36°N 121.97°W) is located at the southern end of the 

San Francisco Bay. The County encompasses the Santa Clara Valley, which is 

bounded by the Diablo Range to the east, Santa Cruz Mountains to the southwest, and 

San Francisco Bay salt marshes to the northwest. Due to its proximity to the Pacific 

Ocean and the moderating effects of the San Francisco Bay, the valley experiences a 

mild Mediterranean climate with warm, dry weather much of the year (Grossinger et 

al. 2007). The rainy season is predominantly from November to April and only yields 

about 375 mm of annual precipitation with a standard deviation of 125 mm (McKee 

et al. 2003).  

  

https://geohack.toolforge.org/geohack.php?pagename=Santa_Clara_County,_California&params=37.36_N_121.97_W_type:adm2nd_region:US-CA
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Plant community survey 

 

In the summer of 2020, we identified D. graveolens populations in the County of 

Santa Clara within a 25-mile (~40 km) distance of the Alviso railway location where 

the species was originally found (Preston 1997). In collaboration with local resource 

managers and using online sources (e.g., CalFlora and Google Maps), we generated a 

list of populations where D. graveolens was growing in plant communities (vegetated 

habitat) at least 40 m from roadways. These vegetated habitats were not landscaped 

and generally associated with public parks or accessways that were dominated by 

common non-native annual species in the Poaceae and Asteraceae. Of an original list 

of 15 populations, our final study included 8 that were publicly accessible by foot and 

had not been eradicated before September 2020. For each population, we then located 

the nearest D. graveolens population along a roadside. We found roadside 

populations by walking away from the vegetated population along sidewalks and 

paths on the nearest hardened road. Each pair of populations in vegetated and 

roadside habitats is called a “site” (Figure 1). We selected roads for this study that 

were hardened with an asphalt surface with speeds of 40.2 – 72.4 kph. The substrate 

of the roadside habitat was composed of engineered fill used in the construction of the 

roadbed. The two habitats (roadside and vegetated) within a site show strong spatial 

autocorrelation in many environmental characteristics (Table S1). Road density 

within a 3.14 km2 sampling area of each habitat ranged between 1 – 14 km/km2. 

Habitat elevation ranged between 3 – 210 m above mean sea level. Because primary 
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spread of D. graveolens is along roads, and dispersal away from roadsides is a 

secondary process, we make the assumption that the nearest roadside population is 

the likely source of invasion for each vegetated population. The fact that the separate 

sites are far away from each other ensures that the populations in vegetated habitat are 

much more likely to be related to their nearest roadside than they are to each other. 

 

Between July 1st and August 14th, 2020, we conducted plant community surveys at 

all 16 populations (Table S2). We walked the perimeter for each population of D. 

graveolens and placed pin flags around the edge. We then laid a 50 m transect tape 

along the longest axis (for roadsides, transects were always parallel to the road) and 

placed a 0.5 × 0.5 m quadrat at three equidistant points along the axis. We visually 

estimated percent cover within each quadrat for D. graveolens, other vegetation, and 

bare ground (sum equaling 100%). For each population, we identified species within 

the three quadrats and then walked the area to search for additional rare species. Taxa 

were identified to species when possible using The Jepson Manual: Vascular Plants of 

California (Second Edition). 

 

In September and October of 2020, we sampled seeds from each of the 16 

populations. We collected from at least 10 individuals, 3 m apart, for each population, 

along a randomly-placed transect. We combined seeds from all individuals in a 

population.  
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Seed behavior 

                                                                                              

In the summer of 2021, we compared germination behavior of seeds from roadside 

and vegetated habitat types. We did three studies on different substrates: one on moist 

filter paper, one on engineered fill, and one on field topsoil collected from a site on 

the UC Santa Cruz campus. For this experiment, we used filter paper as a control to 

test seed behavior in ideal germination conditions, engineered fill as a proxy for 

roadside soils manufactured for roadbed construction, and field topsoil as a proxy for 

soils from plant communities. We germinated 50 seeds from each population in Petri 

dishes (80 Petri dishes; 5 replicates with 10 seeds each) for each substrate (filter 

paper, engineered fill, and field topsoil). Seeds were visually inspected beforehand to 

ensure that only fully developed seeds were used for all experiments. Petri dishes 

were sealed with Parafilm M™ and placed in a randomized block design in an 

incubation chamber with a daytime temperature of 23 ºC from 0900 - 0100 h and a 

nighttime temperature of 19 ºC from 0100 - 0900 h. We scored germination daily 

until no further germination was observed, then 7 more days (a total of 23 d on filter 

paper, 12 d on engineered fill, and 11 d on field topsoil). Signs of germination 

included the first emergence of the root radical or the cotyledon. Petri dishes were 

misted with DI water, and germinated seeds were removed once scored. We also took 

one homogenized sample of 30 seeds from each of the 16 populations and weighed 

them to the closest 0.001 g. 
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Plant growth response to competition  

 

To assess the response of D. graveolens to competition, and how it might have 

evolved during the invasion of vegetated sites, we exposed plants originating from 

roadside and vegetated habitats to a competition treatment in both a greenhouse and a 

field setting. The aim of the greenhouse experiment was to uncover genetic 

differentiation between roadside and vegetated habitats at high replication and highly 

controlled conditions. The field experiment (see Relative fitness in a field setting) was 

designed to look for adaptive differentiation under more realistic conditions. 

 

We quantified response to competition in a greenhouse experiment with three 

treatments: D. graveolens grown alone (1 plant per pot), and D. graveolens with 

Bromus hordeaceus or with Festuca perennis (2 plants per pot). These non-native 

European annual grasses were selected because they are commonly found in 

California's annual grasslands (Seabloom et al. 2003; Dawson et al. 2007; 

HilleRisLambers et al. 2010) and were observed at or near the eight sites. We 

collected B. hordeaceus seeds from Blue Oak Ranch Reserve and F. perennis seeds 

from the Terrace Lands of Younger Lagoon Reserve on the UC Santa Cruz Coastal 

Science Campus. 

  

We germinated D. graveolens seeds in the conditions described above. We 

germinated grasses in trays with potting mix and placed them under fluorescent light 
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banks for 16-hour length days and 8-hour length nights. Once radicles and cotyledons 

emerged, seedlings were transplanted in sets of three (one for each treatment). We 

grew plants in D16 Deepots (5 cm diameter, 18 cm height) in the greenhouse using 

field topsoil collected from a UC Santa Cruz campus site. Pots were then randomized 

into a blocked design with each block consisting of one D. graveolens seedling from 

each of the 16 populations for each of the three competition treatments, N = 48 per 

block × 8 blocks (384 total). 

 

After 4 months, we harvested D. graveolens aboveground biomass at the crown and 

dried it in a 60 ºC oven for 3 days before weighing it.  

 

Relative fitness in a field setting 

 

The field experiment was conducted at Blue Oak Ranch Reserve, part of the 

University of California Natural Reserve System. Blue Oak Ranch Reserve is located 

within the County of Santa Clara on the western slopes of Mount Hamilton in the 

Diablo Range, just east of San Jose, California, United States (37°22'54.89"N, 

121°44'10.55"W). Blue Oak Ranch Reserve supported cattle grazing until 1972. This 

former rangeland represents a key habitat type threatened by the invasion of D. 

graveolens. 
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The experimental site is in a non-native grassland with a mixture of annual grasses 

and forbs (Table S3). Land managers mow the site in the spring. At the site, common 

herbivores include deer, rabbits, California ground squirrels, and wild pigs. We 

protected the experiment with hog fencing and reduced herbivory pressure from deer 

and rabbits. Although not near the experimental site, D. graveolens actively invades 

Blue Oak Ranch Reserve. 

 

At Blue Oak Ranch Reserve, we tested whether rapid evolution during invasion into 

vegetated sites has enhanced fitness in the presence of grassland competitors. We 

established a 10 m × 26 m fenced field site and used a randomized block design with 

10 blocks of 1.5 m2 plots. The data presented here are a subset of a larger ecological 

study elucidating D. graveolens response to different disturbance mechanisms. Here 

we focus on the response of plant genotypes and include only two treatments: 

grassland control (high competition) and complete competitor removal (no 

competition). We left the previous year’s thatch for the grassland control treatment 

and allowed resident vegetation (including the two species from our greenhouse 

experiment, Bromus hordeaceus and Festuca perennis, as well as 15 other plant 

species; Table S3) to grow throughout the experiment. For the competitor removal 

treatment, we tilled the soil to completely remove below and aboveground biomass in 

December 2020 and then weeded to remove aboveground biomass throughout the 

growing season. 
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In January 2021, we germinated seeds in Petri dishes in incubation chambers before 

transplanting them into soil collected in late December 2020 from Blue Oak Ranch 

Reserve. Seedlings grew in the greenhouse for about eight weeks until all plants had 

their first two true leaves emerge and lengthen. Seeds could not be sown directly into 

the field due to biosafety concerns. 

 

We planted seedlings into each plot from February 27 - March 24, 2021 (20 plots 

total). Each plot included one D. graveolens individual from each of the 16 

populations, in a 4 × 4 grid centered on the plot. Plants were separated by 33 cm, with 

a 25 cm buffer. During the first month of growth, we replaced any D. graveolens that 

died. We surveyed plants weekly to assess D. graveolens survival and bud initiation 

until all plants had either produced buds or perished. 

 

We terminated plants at the first sign of budding to prevent reproduction of a noxious 

weed. As proxies for reproductive output, we measured height and biomass. We 

harvested aboveground biomass by cutting at the root crown and drying in a 60 ºC 

oven for three days before weighing. Height and biomass were strongly correlated (r 

= 0.74, N = 157), and results for the two response variables were similar. Therefore 

we present only the results for final biomass. 
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Data analysis 

 

We used R version 4.2.2 (2022-10-31; R Core Team 2022) for all statistical analyses. 

Our general approach for each response variable (except the plant community survey) 

was to run mixed effects models with, at minimum, a fixed effect for habitat (roadside 

vs. vegetated) and a random effect for site. The site random effect takes into account 

the genetic similarity between the two nearby populations within a site, and captures 

landscape-scale variation between sites in, for example, elevation and roadside 

density. 

 

Plant community survey 

 

We calculated the average percent cover of bare ground, D. graveolens, and other 

vegetation per population by taking the mean of the three quadrats along each 

transect. Species richness was the total number of species found at a population (the 

three quadrats + surrounding rare species survey). We evaluated differences in 

percent cover and species richness between source habitats (roadside and vegetated) 

using paired t-tests (N = 8 sites with pairs of roadside and vegetated populations at 

each site). 
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Seed behavior 

 

We analyzed the germination rate on each of the three substrates (filter paper, 

engineered fill, and field topsoil) using a mixed-effects Cox proportional hazards 

model (coxme and survival packages; Therneau 2022a, b), with source habitat as a 

fixed effect and site, population, and dish number as nested random effects. We 

evaluated the main effect of source habitat using a Type II partial-likelihood-ratio test 

(car package; Fox and Weisberg 2019). We calculated average seed mass for each 

source habitat using a Welch Two Sample t-test. 

 

Plant growth response to competition 

 

We calculated response to competition as the log response ratio (LRR) of the 

aboveground biomass, LRR = ln(biomass with competitor / biomass alone), on a per-

block basis (N = 8 blocks) for each of the 16 seed origins (vegetated or roadside 

habitat at each of the 8 sites). Therefore, each seed origin had 8 replicate LRR 

estimates for each competitor grass (Bromus hordeaceus and Festuca perennis). We 

fit a linear mixed effects model for each competitor with LRR as the response 

variable, source habitat as a fixed effect, and random effects for population nested in 

site, and block (lme4 package; Bates et al. 2015). Block was removed from the B. 

hordeaceus model because it did not explain sufficient variance, causing a singular 

fit. We tested for differences between source habitats using Type II Wald F-tests with 
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Kenward-Rogers degrees of freedom (car package; Fox and Weisberg 2019). To 

evaluate whether each competitor grass affected the biomass of D. graveolens, we 

tested whether the LRR intercept was significantly different from zero using t-tests 

with Kenward-Rogers degrees of freedom (pbkrtest and lmerTest packages; Halekoh 

and Højsgaard 2014; Kuznetsova et al. 2017). 

 

Relative fitness in a field setting 

 

The field experiment had four response variables: survival (assessed both as total 

proportion surviving and time to death), final biomass at budding, and phenology (the 

survey date buds first appeared). We used a similar statistical approach for all 

response variables, fitting mixed effects models with source habitat, competition 

treatment, and their interaction as fixed effects; and initially including random effects 

for site, population nested in site, and block. Random effects that explained very low 

amounts of variance, causing singular fits, were removed. When interaction terms 

were not significant, they were removed and models were re-run with main effects 

only. Here we describe the structures of the final models. 

 

We compared total survival to budding with a generalized linear mixed model using a 

binomial family with a logit link function; fixed effects were source habitat and 

competition treatment, and random effects were population nested in site, and block 

(glmmTMB package; Brooks et al. 2017). We evaluated the main effect of source 
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habitat using a Type II Wald Chi-Square test (car package; Fox and Weisberg 2019). 

Second, we analyzed survival using a mixed-effects Cox proportional hazards model 

(coxme and survival packages; Therneau 2022a, b); fixed effects were source habitat 

and competition treatment, and random effects were population nested in site, and 

block. We evaluated the main effects of source habitat and competition treatment 

using likelihood ratio tests.  

 

We analyzed final biomass at the time of bud production using a linear mixed effects 

model (lme4 package; Bates et al. 2015); fixed effects were source habitat, 

competition treatment, and their interaction, and the only remaining random effect 

was site. We evaluated the main and interaction effects using Type II Wald F-tests 

with Kenward-Rogers degrees of freedom (car package; Fox and Weisberg 2019). We 

used a log transformation of the biomass data to improve homoscedasticity.  

 

To assess changes in phenology, we compared the timing to bud for those plants that 

reached the reproductive state, using a mixed-effects Cox proportional hazards model 

(coxme and survival packages; Therneau 2022a, b); fixed effects were source habitat 

and competition treatment, and random effects were population nested in site, and 

block. We evaluated the main effects using likelihood ratio tests. 
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Results 

 

Plant community survey 

 

Roadside habitats had higher amounts of bare ground than vegetated habitats (mean 

difference 41.9%, 95% CI [4.2 , 80], paired t7 = 2.63, P = 0.034; Figure 2a). Roadside 

habitats appeared to have substantially less resident plant cover (not including D. 

graveolens) on average than vegetated habitats (Figure 2b), but this difference was 

not significant (mean difference -28%, 95% CI [-67, 11], t7 = -1.70, P = 0.13). 

Species richness was not significantly different (mean difference -1.75, 95% CI [-5, 

1.5], t7 = 1.26, P = 0.25). Average species richness was 4.13 ± 2.59 SD at roadsides 

and 5.88 ± 3.27 SD at vegetated sites. Resident plant species at all sites were 

predominantly non-native annuals (Table S2). 

 

Seed behavior 

 

Seeds originating from vegetated habitats consistently had a slightly reduced 

probability of germination compared to seeds originating from roadside habitats (22% 

on filter paper, 11% on engineered fill, and 11% on field topsoil). This difference was 

significant on filter paper (relative risk of 0.78 ± 0.18 SE; Χ2
1 = 85.60, P < 0.001; 

Figure 3), engineered fill (relative risk of 0.89 ± 0.09 SE; Χ2
1 = 80.86, P < 0.001), and 

field topsoil (relative risk of 0.89 ± 0.12 SE; Χ2
1 = 30.6, P < 0.001). Average seed 
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mass varied from 0.243 to 0.333 and did not differ between source habitats (roadside 

= 2.26 mg, vegetated = 2.37 mg; t12.11 = -1.18, P = 0.259; Table S4). 

 

Plant growth response to competition 

 

The growth of D. graveolens was strongly affected by competition with non-native 

grasses (Figure 4). Both Bromus hordeaceus (intercept = -2.94 ± 0.22 SE, t11.48 = -

13.64, P <0.001) and Festuca perennis (intercept = -4.47 ± 0.13 SE, t10.62 = -33.32, P 

< 0.001) strongly reduced the growth of D. graveolens. Plants from vegetated sites 

did not show evidence of a more robust response to competition: LRR did not differ 

between source habitats when D. graveolens was grown with either B. hordeaceus 

(F1,7 = 0.032, P = 0.86) or F. perennis (F1,7 = 0.37, P = 0.56).  

 

Relative fitness in a field setting 

 

We found no significant interactions between source habitat and treatment for any of 

the response variables (overall survival: Χ2
1 = 0.069, P = 0.79; survival analysis: Χ2

1 = 

0.018, P = 0.89; biomass: F1,152.81 = 2.34, P = 0.13, phenology: Χ2
1 = 2.18, P = 0.14), 

indicating there was no differentiation between source habitats in their response to 

competition. Therefore the interactions were removed from the models.  
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We evaluated survival to reproduction in two ways. First, overall survival to 

reproduction was not affected by source habitat (Χ2
1 = 0.069, P = 0.79), but was 

strongly affected by treatment (Χ2
1 = 78.84, P < 0.001), with 53% greater survival to 

reproduction (absolute difference) in the competitor removal treatment compared to 

the grassland control. Second, consistent with the results for overall survival, our 

survival analysis showed that the competitor removal treatment reduced the mortality 

risk by 82% (Χ2
1 = 99.09, P < 0.001; Figure 5a). There was no significant difference 

between source habitats (Χ2
1 = 0.0001, P = 0.99).  

 

When we assessed aboveground biomass, we found that plants in the competitor 

removal treatment were significantly larger than those in the grassland control 

(F1,152.42 = 241.24, P < 0.0001; Figure 5b). Similarly to survival, we found no 

significant difference between source habitats (F1,151.85 = 0.11, P = 0.74). 

 

In terms of phenology, plants in the grassland control treatment initially started 

reproducing sooner, but by the end of the growing season, plants in the competitor 

removal treatment reproduced sooner on average than plants in the grassland control 

(Χ2
1 = 56.13, P < 0.0001; Figure 6). We found no significant difference between 

source habitats (Χ2
1 = 0.29, P = 0.59). 
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Discussion 

 

Roads are vectors of invasion, as introduced species often spread along transportation 

corridors (Hansen and Clevenger 2005; Kalwij et al. 2008). However, to be 

considered invasive, a species must not just persist in ruderal populations but also 

spread aggressively away from roadsides, requiring traits that allow it to compete 

with resident plants. Evolution in introduced species can be an essential driver of 

invasion (Maron et al. 2004; Buswell et al. 2011; Colautti and Barrett 2013; Turner et 

al. 2014). Dittrichia graveolens is rapidly spreading along roads in California, and 

more recently has been observed establishing populations in vegetated areas away 

from roads. Does rapid evolution of competitive ability and other traits associated 

with surviving in vegetated habitats contribute to its invasiveness? 

 

Our study found little evidence that populations of D. graveolens spreading away 

from roadsides into plant communities have evolved greater competitive ability. 

Response to competition for plant growth, survival, and reproduction did not differ 

between roadside and vegetated source habitats, and this was true in both greenhouse 

and field studies. Several factors could contribute to a lack of measurable adaptive 

differentiation between roadside versus vegetated populations. First, it may be that 

there has not been enough time for rapid evolution to occur. Introduced to California 

likely in the early 1980’s or late 1970’s, the annual D. graveolens has spent around 40 

generations in the County of Santa Clara where we studied it, although populations 
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spreading away from roads may have experienced fewer generations in the 

competitive environment of the vegetated sites. Populations in California may 

ultimately evolve adaptations to vegetated environments away from roads in the 

future, but none have been detected so far. In contrast to our study, others have 

observed rapid evolution within a few decades of introduction. For example, Ethridge 

et al. (2023) found that Setaria faberi evolved larger leaf area within 34 generations 

as a result of agricultural selection pressure, and Dlugosch and Parker (2008b) found 

increased growth in Hypericum canariense from sites where introductions were < 25 

generations. Moreover, Lustenhouwer et al. (2018) found rapid evolution of 

phenology in populations of our study species D. graveolens in the Netherlands 

within 2 decades of arrival in the country. These previous studies suggest that 

adaptive evolution in D. graveolens should have been possible within the time frame 

of its invasion in central California. However, evolutionary patterns can differ 

between traits of interest; Fletcher et al. (2023) found strong differentiation in 

biomass, height, and phenology between invasive populations of Johnsongrass 

(Sorghum halepense), but no difference in their response to competition as evaluated 

by growth on bare ground vs background vegetation. 

 

Second, novel selection pressures may have been weak; selection may not differ 

substantially between the two habitat types. Our vegetated sites were often somewhat 

disturbed, and some were mowed; species composition was similar on and off the 

roadside (Figure S1), and plant diversity was low overall. Thus our vegetated sites 
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might share some environmental conditions with roadsides in this suburban setting. 

However, roadside sites did show less resident plant cover and substantially more 

bare ground than vegetated sites (Figure 2). We found that D. graveolens was 

strongly suppressed by competition in both the field experiments and the greenhouse 

experiment, and field experiments regardless of the competitor identity, suggesting 

competition should represent a strong selection pressure. In the greenhouse 

experiment, we saw that D. graveolens grew poorly in the presence of B. hordeaceus 

and F. perennis. This pattern was echoed in our field plot at Blue Oak Ranch Reserve, 

which was similar in structure and species composition to many of the 8 vegetated 

sites from which seeds were collected. The field experiment showed strong effects of 

competition from resident plants in the grassland on D. graveolens survival, 

phenology, and growth. Therefore, it is likely that selection on competitive ability 

does differ between roadsides and intact grasslands. 

 

Variation among roadside locations and among vegetated locations would limit our 

ability to detect adaptive responses at individual sites, and this could contribute to the 

lack of consistent differences between habitats in our results. For example, an NMDS 

analysis showed substantial variation across the sites for plant composition (Figure 

S1). Perhaps most importantly, vegetated habitats varied substantially for overall 

resident plant cover and amount of bare ground across the sites (Figure 2). At the time 

of our survey, two sites (Oakridge Pond and South San Jose VTA) showed over 80% 

cover of resident vegetation, while two sites (Parkway Lakes RV and Penitencia 
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Creek Trail) had very low cover. In our greenhouse experiment, those two 

populations from vegetated habitats with high cover did show the predicted pattern of 

stronger competitive ability than their paired roadside populations. However, this 

anecdotal evidence was not supported by general trends. 

 

Third, there may be a lack of heritable genetic variation for relevant traits, 

particularly for traits that increase competitive ability (Nei et al. 1975; Amos and 

Harwood 1998). The introduction of D. graveolens to California may have involved a 

significant reduction in genetic variation through a strong founder effect. The first 

observation of D. graveolens was in Alviso (San Jose) in 1984 (Preston 1997). This 

area, near the railway tracks, was also likely the first invasion point, with subsequent 

spread throughout the County of Santa Clara and eventually to much of California. 

Founder effects during invasion often reduce variation in invasive species (reviewed 

in Dlugosch and Parker 2008a; Dlugosch et al. 2015). However, many studies have 

shown evolutionary change despite reduced variation (Blows and Hoffmann 2005; 

Dlugosch and Parker 2008b; Estoup et al. 2016). 

 

Finally, evolutionary divergence could be limited by gene flow from roadside to 

vegetated habitats (Ureta et al. 2008; Bagavathiannan et al. 2011). Gene flow is one 

of the primary factors counteracting local adaptation, and it is expected to have strong 

maladaptive (or swamping) effects in the relatively small populations of expanding 

range edges (May et al. 1975; Lenormand 2002; Anderson and Song 2020). 
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Population pairs in our study ranged in distance from 540 m to as little as 40 m apart. 

Flowers can self-fertilize in D. graveolens, although flowers are also insect-pollinated 

in the native range (Rameau et al. 2008; Albaba 2015). Pollen dispersal distances and 

outcrossing rates have not been measured; however, McEvoy et al. (2023) found that 

heterozygosity is low across the genome, consistent with a highly self-fertilizing 

mating system. In contrast, seed dispersal is expected to be considerable in this wind-

dispersed species with pappus-bearing seeds, suggesting high gene flow between 

populations is possible via seeds. Even with D. graveolens’ highly selfing mating 

system, gene flow over short distances could easily be why we did not observe 

adaptive evolution away from roadsides. This contrasts with other studies showing 

the evolutionary divergence of introduced species over more considerable distances 

(Colautti et al. 2009; Buswell et al. 2011; Clark 2018; Alexander and Levine 2019). 

Nonetheless, Fletcher et al. (2023) studied range-wide differentiation in invasive 

Sorghum halepense and still found no differentiation in competitive ability on the 

continental scale. 

 

The only significant difference between roadside and vegetated source habitats was 

for germination success, which was lower overall in seeds from vegetated source 

habitats (Figure 3). The higher proportion of ungerminated seeds from vegetated sites 

could indicate either lower seed viability or higher dormancy rates. Lower seed 

viability may reflect a poorer maternal environment or an increase in inbreeding and 

inbreeding depression in these nascent populations (Nei et al. 1975; Barrett and 
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Husband 1990). Higher dormancy rates could be adaptive in a variable environment 

(Venable and Brown 1988; Satterthwaite 2010). Brownsey et al. (2013b) found no 

evidence for primary dormancy in California populations of D. graveolens, and we 

found in other germination experiments with California populations that only dead 

seeds did not germinate under incubation conditions like those reported here. 

However, germination experiments in the native range showed higher levels of viable 

ungerminated seeds, closer to 20% (Lustenhouwer et al. 2018). Ongoing studies in 

our group will provide new insights into seed bank dynamics in the future. 

 

We quantified differentiation between populations in roadside and vegetated habitats 

using a multi-faceted approach to maximize our chances of observing adaptive 

differences if there were any. The germination and greenhouse studies under 

controlled conditions allowed us to minimize other sources of variance and maximize 

sample size. In contrast, the field study subjected D. graveolens plants to realistic 

environmental conditions with high competition and mortality. Our field site was 

similar to the vegetated areas where D. graveolens is actively invading, including 

dominant species shared with the vegetated source sites (Tables S4 and S2, 

respectively). Therefore, we expected that adaptive differences between the source 

populations should have been revealed under the field conditions. However, it is 

impossible to eliminate the possibility that adaptive differentiation could be exposed 

under different environmental conditions. 
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We looked for population differentiation for plant phenology and did not find any; 

nor did we find differentiation in the phenology response to stress. Plant competition 

can lead to physiological stress if resources are limited, and physiological stress can 

strongly affect plant phenology (Aragón et al. 2007). Competition can initiate stress-

induced flowering in some Mediterranean plant species (Takeno 2016). Development 

time may respond to stress by advancing or delaying reproduction (Fox 1990); such 

phenotypic plasticity is not necessarily adaptive, but it can be (Anderson et al. 2012). 

Previous work suggests that flowering time in D. graveolens can evolve; plants from 

the expanding northern edge in Europe flowered earlier in a common garden 

(Lustenhouwer et al. 2018). Such rapid adaptation in flowering time is commonly 

seen in response to shifts in latitude in invasive plants (e.g., Leger and Rice 2007; 

Colautti and Barrett 2013; van Boheemen et al. 2019). Changing phenology can have 

strong fitness effects on invasive plants (Colautti and Barrett 2013) and may increase 

competitive effects on other plant species (Alexander and Levine 2019). We did find 

differences between field treatments affecting time to flowering; initially, some plants 

began reproducing sooner in the grassland control plots, which could be explained by 

stress-induced flowering, although overall plants flowered earlier in the competitor-

removal plots. While we observed marked phenotypic plasticity in phenology, we did 

not find evidence for adaptive divergence between roadside and vegetated sites for 

either phenology or phenotypic plasticity in phenology. 
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We did not control for the maternal environment of seeds in our study. Environmental 

variation for field-collected seeds can influence the results of common garden studies 

with invasive plants (e.g., Turner et al. 2014). Ideally, we would have replicated the 

entire experiment with a second set of seeds generated in the greenhouse. 

Unfortunately, we could not delay our experiments for the 12 months required to 

grow this extra generation. A standard indicator of variability in the quality of the 

maternal environment is seed size; seed weights in our sample did not show 

consistent differences between collections from roadside and vegetated sites (Table 

S4), indicating that overall seed quality was similar. However, the seed germination 

rate was lower in vegetated sites, which could reflect lower seed viability. We 

predicted that evolution would result in greater competitive ability in populations in 

vegetated sites, and our data did not support our prediction. If patterns of maternal 

provisioning or epigenetics in the vegetated sites systematically reduced survival, 

biomass, and response to competition relative to roadside sites, then maternal effects 

could have masked adaptive differentiation.  

 

Some D. graveolens populations are spreading away from roadsides and successfully 

invading plant communities; our results suggest that rather than locally adapted 

populations, these plants in vegetated communities are able to grow there when they 

can get a foothold because of phenotypic plasticity. Baker’s (1965) concept of the 

“general purpose genotype” of colonizing species proposed that phenotypic or 

developmental plasticity underlies the success of many weedy invaders (Parker et al. 



 40 

2003). Although we saw that plants of all origins were negatively impacted by 

competition in the greenhouse (Figure 4) and in the field (Figure 5), plants in the field 

experiment were still able to flower with an adjustment in phenology (Figure 6). 

These plants, persisting in low numbers in suboptimal conditions, may be able to take 

advantage of localized or periodically large disturbances such as fires or intensive 

management activities involving soil disturbance (Hansen and Clevenger 2005). 

 

The evolution of competitive ability in invasive species has been a significant 

research focus for nearly 30 years, generally in the context of reallocating resources 

with escape from specialized natural enemies (Blossey and Nötzold 1995). Many 

studies have compared traits related to competitive ability between populations from 

the native and introduced ranges (Bakker and Wilson 2001; van Kleunen and Schmid 

2003; Bossdorf et al. 2005; Felker‐Quinn et al. 2013; Yuan et al. 2013; Callaway et 

al. 2022). Studies exploring the evolution of competitive ability with expansion into 

new habitats within the introduced range are less common (but see Fletcher et al. 

2023). According to life history theory, tradeoffs exist between traits that increase 

fitness in highly competitive environments and dispersal and reproductive traits that 

favor a ruderal lifestyle in highly disturbed, more open environments (Grime 1977; 

Pierce et al. 2017). In invasive species, selection for dispersal and reproduction at the 

invasion front may lead to declines in competitive ability (Burton et al. 2010). In its 

native range, D. graveolens thrives in disturbed soils and is commonly found along 

roadsides (Brownsey et al. 2013a). This is common in introduced plants, and in fact, 
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ruderal traits may be selected for as introduced plants spread along transportation 

corridors. Our results suggest that even strong selection in less disturbed, more 

competitive environments may not result in the rapid evolution of invasive ability as 

plants spread away from roads. Opposing selection pressures on roads and away from 

roads, with gene flow linking close populations, may represent an insurmountable 

barrier to the evolution of increased competitive ability in invasive plants. To the 

extent that these barriers to adaptation persist over time, evolution will not represent 

an urgent threat to management activities or risk assessments. 
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Figures 

 
Figure 1. In September and October 2020, we collected D. graveolens seeds from 

eight sites in the County of Santa Clara. Each site had two paired populations: a 

population in a vegetated habitat and the closest roadside population. Map created 

using QGIS [3.32.0-Lima] (QGIS Development Team 2023).  
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Figure 2. Differences in percent cover of bare ground (a) and resident vegetation (b) 

between roadside and vegetated sites (points indicate N = 8 sites per category). Boxes 

correspond to the median, first and third quartiles, and whiskers extend to the furthest 

value within 1.5 × the inter-quartile range. Star indicates significance of paired t-test. 
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Figure 3. Cumulative proportion germinating per day of D. graveolens seeds 

collected from roadside (filled gray circles) and vegetated (open green triangles) 

source habitats. Seeds were germinated on a) filter paper, b) engineered fill, and c) 

field topsoil. Values shown are means ± 1 SE of 8 sites, after first estimating site 

means from 5 dishes (proportion germinated out of 10 seeds each). 

  



 45 

 
Figure 4. The log response ratio of biomass against each grass competitor (B. 

hordeaceus and F. perennis), calculated as the mean ± 1 SE across 8 replicate blocks 

for each seed origin. Lines of the same color connect seeds originating from paired 

roadside and vegetated habitats. Filled circles signify roadside habitats and open 

triangles signify vegetated habitats. We found that D. graveolens is a poor 

competitor, regardless of the source habitat. 
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Figure 5. Plants from roadside and vegetated source habitats did not differ in fitness 

proxies survival and biomass between field treatments competitor removal and 

grassland (control) (Type II Wald Chi-Square test). (a) The proportion of D. 

graveolens that survived to produce buds (means ± 1 SE across 8 sites). (b) 

Aboveground biomass (g) of D. graveolens (means ± 1 SE of 8 sites, after first 

estimating site means from 10 plants). Filled gray circles signify roadside habitats and 

open green triangles signify vegetated habitats. 
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Figure 6. Flowering phenology (the percent of D. graveolens budding over time) 

showing roadside and vegetated source habitats for each treatment (competitor 

removal and grassland control). Gray lines signify roadside populations and green 

lines signify vegetated populations. Open symbols indicate competitor removal 

treatments and closed symbols indicate grassland control treatments. 
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Chapter 2 

 

Low competitive ability explains  

Dittrichia graveolens’ association with roadsides  

 

Abstract 

 

Invasive plants commonly establish along roadsides, highlighting the importance of 

understanding the mechanisms underlying this pattern for effective management. 

Dittrichia graveolens (stinkwort), a recent California invader, primarily inhabits 

roadsides but is beginning to spread into nearby plant communities. We tested 

whether D. graveolens grows best along roadsides due to a preference for soil 

conditions or is limited to these disturbed environments by plant competition. Lab 

and greenhouse experiments showed no germination advantage in engineered fill 

(simulating roadside soils), and D. graveolens grew slightly better in field topsoil. 

Competition trials with two annual grasses (Bromus hordeaceus and Festuca 

perennis) in both soil types (engineered fill and field topsoil) showed strong growth 

suppression of D. graveolens by both grasses, with engineered fill limiting growth for 

all species, suggesting that roadside soils provide a competitive refuge. In field 

experiments, we applied four treatments to examine disturbance effects: control, 

thatch removal, aboveground biomass removal, and complete biomass removal. 

Removing belowground competition significantly improved D. graveolens survival 
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and growth. Our findings indicate that competition confines D. graveolens to 

disturbed roadsides, so management should prioritize reducing bare, disturbed areas 

and enhancing plant competition in areas vulnerable to invasion.  

 

Introduction 

 

Disturbance is a critical process in many ecosystems, providing heterogeneity and 

influencing diversity at both the patch-level and landscape scale (Hobbs and 

Huenneke 1992; Greipsson 2011). Disturbance reduces competition and frees up 

space and resources, which colonizing species can exploit (Hobbs and Huenneke 

1992; Catford et al. 2012). Thus, disturbance also plays an important role in the 

invasion process for many non-native species (Pimm 1989; Hobbs and Huenneke 

1992; Minchinton and Bertness 2003; Catford et al. 2012). Roadsides, transportation 

corridors, and other disturbed environments facilitate primary spread of non-native 

species (Baker 1974; Tyser and Worley 1992; McDougall et al. 2018). The movement 

of species away from roadside edges and into established vegetation (secondary 

spread) is a critical phase in the invasion process (Ward et al. 2020). 

 

Roadside soil is often disturbed from the initial construction and ongoing road 

maintenance, characterized by increased compaction and erosion (Lázaro-Lobo and 

Ervin 2019; Mills et al. 2020). Road runoff increases soil salinity and can contain 

vehicle contaminants (Trombulak and Frissell 2000; Lázaro-Lobo and Ervin 2019), 
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and roadsides often have lower nutrient availability (Liu et al. 2021). Due to 

maintenance regimes and physical impacts from vehicle traffic, roadsides have high 

rates of disturbance and lower plant cover (Christen and Matlack 2006). 

 

A classic question in ecology is whether distributions reflect an affinity for certain 

environmental conditions or rather competitive exclusion from higher-quality 

habitats. Some plant species are more successful in specific abiotic conditions 

(Wamelink et al. 2018; Gioria et al. 2023) leading to strong patterns of association 

with these soils or environmental conditions. In contrast, species may be widely 

distributed, but biotic interactions with more competitive plant species, herbivores, or 

pathogens may limit their range (Gioria et al. 2023). Understanding the nature of an 

association with roadsides is crucial for effective management. If a species has an 

affinity for disturbed soils, then land managers should focus early detection on those 

areas. If biotic interactions, such as escape from competitive pressure, limit the 

distribution of a species then land managers can focus on reducing disturbance and 

promoting competition.  

 

We used Dittrichia graveolens (L.) Greuter (stinkwort; Asteraceae) to investigate 

whether a recently introduced plant currently associated with roadsides grows best 

along roadsides due to abiotic soil conditions or is limited to these disturbed 

environments by plant competition. This annual herb was introduced to California in 

the early 1980s and was originally found in disturbed areas along railroad tracks and 
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roads in the County of Santa Clara (Preston 1997; Brownsey et al. 2013a). Native to 

the Mediterranean Basin in Europe, D. graveolens is often found in bare, disturbed 

habitats, including roadsides, agricultural lands, gravel riparian areas, and ruderal 

zones associated with annual or biennial weeds (Brullo and de Marco 2000; Rameau 

et al. 2008). Since its initial detection in 1984, D. graveolens has spread across 

California, now occupying over 83% of counties, with a range extending > 400 km 

north, > 200 km east, and > 690 km south. 

 

In California, D. graveolens has been observed spreading into wildlands and 

rangelands away from roads (Brownsey et al. 2013a; Melen et al. 2024). These 

observations highlight the spreading potential of D. graveolens and the invasion risk 

this species poses. However, little is known about this invasion process and what 

conditions enable D. graveolens to spread away from roadsides into more intact plant 

communities. Here we studied whether D. graveolens populations preferentially grow 

along roadsides or if they are limited to growing along roadsides due to competition. 

We tested for differences in germination and growth in two soil types: engineered fill 

and field topsoil. Finally, we used field experiments manipulating disturbance in an 

established grassland to determine the effects of above- and belowground 

competition. 
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Methods and Materials 

 

Study sites 

 

The County of Santa Clara (37.36°N 121.97°W) is located at the southern end of the 

San Francisco Bay in California, USA. The county encompasses the Santa Clara 

Valley, boarded by the Diablo Mountain Range to the east, the Santa Cruz Mountains 

to the southwest, and San Francisco Bay to the northwest. The valley experiences a 

mild Mediterranean climate with warm, dry weather much of the year (Grossinger et 

al. 2007) due to its proximity to the moderating effects of the San Francisco Bay. The 

rainy season is predominantly from November to April with 375 ± 125 mm SD of 

annual precipitation (McKee et al. 2003), and the average daily mean temperature in 

the San Jose region ranges from 27.9°C to below-freezing (Hanson et al. 2004).  

 

Soil sources 

 

We compared the response of both seeds and plants to field topsoil and to engineered 

fill as a proxy for the physical microenvironment of roadside soils. Field topsoil was 

collected from a woodland site, and engineered fill was taken from a nearby 

construction project at UC Santa Cruz; several cubic tons of these soils were in 

storage at a central campus location, and we subsampled several buckets of each soil 

type for our experiments (Figure 1). 
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Seed behavior in roadside and field soil 

 

In September and October 2020, we collected D. graveolens seeds from 16 

populations in the County of Santa Clara. For each population, we collected from 

≳10 individuals at 3 m intervals along a randomly-placed transect, and combined 

seeds into a single sample. 

 

In June and July 2021, we compared germination behavior of seeds on the two 

substrates; including 10 seeds in each of 80 Petri dishes for each substrate 

(engineered fill and field topsoil). We visually inspected each seed beforehand to 

ensure we used only fully developed seeds. Petri dishes were sealed with Parafilm 

M™ and placed in a randomized block design in an incubation chamber with a 16-

hour day and 23 ºC/19 ºC day/night temperature cycle. Each day we scored 

germination until no further germination was observed, then for 7 more days 

(engineered fill = 12 d, field topsoil = 11 d). When scoring for germination, we 

looked for the first emergence of the root radical or the cotyledon and removed any 

germinated seeds. We kept soil moist by misting with DI water. 

 

We used R version 4.3.1 (2023-06-16; R Core Team 2023) for all statistical analyses. 

Our general approach for each response variable was to run mixed effects models 

with, at minimum, fixed effects for soil and competition and block as a random effect. 
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We analyzed the germination rate on two substrates (engineered fill and field topsoil) 

using a mixed-effects Cox proportional hazards model (coxme and survival packages; 

Therneau 2022a, 2023), with soil type as a fixed effect, and dish (N = 5) nested 

within population (N = 16) as random effects. We evaluated the main effect of soil 

type using a Type II partial-likelihood-ratio test (car package; Fox and Weisberg 

2019). 

 

Plant growth response to disturbed soil  

 

We assessed the response of D. graveolens to competition and abiotic soil conditions 

in the same two substrates with three competition treatments: D. graveolens grown 

alone, with Bromus hordeaceus, or with Festuca perennis. These non-native 

European annual grasses were selected because they are commonly found in 

California's annual grasslands (Seabloom et al. 2003; Dawson et al. 2007; 

HilleRisLambers et al. 2010), including at our field site described below (Melen et al. 

2024). We collected B. hordeaceus seeds from Blue Oak Ranch Reserve (37.38° N 

121.74°W) and F. perennis seeds from Younger Lagoon Reserve (36.96°N 

122.07°W) on the UC Santa Cruz Coastal Science Campus. 

 

We germinated D. graveolens seeds in the conditions described above (see Seed 

behavior). We germinated grasses in potting mix trays under fluorescent light banks 

with 16-hour days. We filled D16 Deepots (5 cm diameter, 18 cm height) with 
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engineered fill and field topsoil and then transplanted seedlings in sets of three (one 

for each treatment) after radicles and cotyledons emerged. We randomized pots into a 

blocked design with each block consisting of 2 D. graveolens seedlings from each of 

the 16 seed-source sites for each of the 3 competition treatments, N = 96 per block × 

8 blocks (768 total). We grew plants in a greenhouse for 4 months before harvesting. 

We clipped D. graveolens aboveground biomass at the crown and dried it in a 60 ºC 

oven for 3 days before weighing.  

 

We fitted a Generalized Linear Model (GLM) to analyze the effect of competition on 

D. graveolens biomass (car package; Fox and Weisberg 2019). The model used a 

Gamma distribution with a log link function; fixed effects were competition and soil. 

We initially used population and block as random effects, but both prevented model 

convergence and AIC scores showed that the random effects did not contribute 

importantly to the model, therefore they were not included. We evaluated the main 

and interaction effects using Type II likelihood ratio tests (car package; Fox and 

Weisberg 2019). We conducted post-hoc pairwise comparisons using estimated 

marginal means, comparing them using Welch t statistics with Satterthwaite degrees 

of freedom, and a Bonferroni adjustment for multiple comparisons (emmeans 

package; Lenth 2024). 
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Field experiment I: response to competition and disturbance 

 

To assess the response of D. graveolens to competition in a field setting, we 

conducted an experiment at Blue Oak Ranch Reserve, part of the University of 

California Natural Reserve System. Blue Oak Ranch Reserve is located on the 

western slopes of Mount Hamilton in the Diablo Range, just east of San Jose, 

California, United States (37°22'54.89"N, 121°44'10.55"W). The reserve is a former 

rangeland, representing a key habitat type threatened by the invasion of D. 

graveolens. We established a 10 × 26 m fenced field site in a non-native grassland 

with a mixture of annual grasses and forbs. 

 

We quantified D. graveolens response to four competition treatments: (1) control, the 

grassland including the year’s plant growth as well as the previous year’s thatch; (2) 

thatch removal, which involved raking and removing the previous year’s thatch; (3) 

aboveground removal, where we used a string trimmer to trim grassland vegetation to 

8 - 13 cm above the ground; (4) and above+below removal, where we tilled the soil 

completely to remove above- and belowground biomass.  

 

In January 2021, we germinated D. graveolens seeds in the conditions described 

above and transplanted them into D16 Deepots (5 cm diameter × 18 cm height) with 

field topsoil collected from Blue Oak Ranch Reserve in December 2020. We grew the 

seedlings in the greenhouse for about eight weeks until the first true leaves had 
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emerged and lengthened for all plants. We did not directly seed D. graveolens into the 

field site due to biosafety concerns about this noxious weed. 

 

We used a randomized block design with 10 blocks of 1.5 m2 plots (Figure S1). From 

27 February - 24 March 2021, we planted 16 D. graveolens seedlings into each plot 

using dibblers (640 seedlings; 40 plots total). Seedlings were planted in a 4 × 4 grid 

centered on the plot. The distance between plants within plots was 33 cm, and plots 

were separated from each other by a 25 cm buffer. We surveyed plants weekly to 

assess D. graveolens survival and replaced any dead plants during the first month. We 

assessed bud development as a key phenology stage for terminating plants to ensure 

no seeds were released into the site. Weekly plant surveys continued until all plants 

had either produced buds or perished. 

 

We measured height, biomass, and bud date as proxies for reproductive output. 

Aboveground biomass was harvested by cutting each plant at the root crown and 

drying the plant materials in a 60 ºC oven for three days before weighing. Height and 

biomass were correlated (r = 0.58, N = 213), and results for the response variables 

were similar. Therefore, we present only the results for final aboveground biomass. 

 

We used a similar statistical approach for all response variables by fitting mixed 

effects models: survival (assessed both as total proportion surviving and time to 

death) and final biomass at budding. Competition treatment was the fixed effect and 
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population and block were included as random effects. Here we describe the 

structures of the final models. 

 

We analyzed survival in two ways. The probability of surviving to reproduction 

(budding) was compared across competition treatments with a GLMM using a 

binomial family with a logit link function (lme4 package; Bates et al. 2015). We 

evaluated the main effect of competition treatment using a Type II Wald Chi-Square 

test (car package; Fox and Weisberg 2019). Second, time to death was analyzed using 

a mixed-effects Cox proportional hazards model (coxme and survival packages; 

Therneau 2022a, 2023). We evaluated the main effect of competition treatment using 

likelihood ratio tests (car package; Fox and Weisberg 2019). 

 

We analyzed biomass at reproduction using a linear mixed-effects model (lme4 

package; Bates et al. 2015). The significance of the competition treatment was 

assessed using Type III Wald F test with Kenward-Roger degrees of freedom (car 

package; Fox and Weisberg 2019). We did post-hoc comparisons using the 

differences among estimated marginal means (emmeans package; Lenth 2024), using 

the Bonferroni method. 
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Field experiment II: separating response to above- and belowground competition 

 

In January 2022, we germinated D. graveolens seeds in the conditions described 

above and transplanted them into 10.16 cm height × 8.89 cm width injection molded 

pots with potting media (ProMix® HP® BioFungicide™ + Mycorrhizae™) where 

they grew for about eight weeks until the first true leaves had emerged and 

lengthened for all plants. We conducted three experiments related to above and 

belowground competition using a subset of the same 1.5 m2 plots as the previous year 

(Figure S2). 

 

Aboveground and belowground competition  

 

To replicate our test of the relative effect of above and belowground competition on 

the survival of D. graveolens, we conducted a second-year experiment that tested 

belowground competitor removal and background vegetation clipping. Here we 

randomly assigned three treatments to 54 planting locations: belowground competitor 

removal (holes dug to a depth of 45 cm), clipping (background grassland vegetation 

clipped to 1 - 3 cm high), and control (no manipulation of the soil or vegetation). We 

planted two D. graveolens seedlings in each planting location (N = 108) and 

maintained clipping treatments weekly, recording survival for nine weeks. 
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For the aboveground and belowground competition with clipping and belowground 

competitor removal data, we analyzed seedling survival using a mixed-effects Cox 

proportional hazards model (coxme and survival packages; Therneau 2022a, 2023), 

with treatment (control, clipping, belowground competitor removal) as a fixed effect, 

and a random effect of plot. We assessed the significance of the treatment using Type 

II likelihood ratio tests (car package; Fox and Weisberg 2019). 

 

Aboveground shading 

 

To separate effects of shading from other aboveground interactions, we used a 

shading experiment with 11 plots, which were each hoed to remove above and 

belowground competition. The plots were then divided into four quadrants and 

planted with two D. graveolens seedlings per quadrant (N = 88 plants total). Four 

bamboo stakes were placed in the corners of each quadrant and were randomly 

assigned a treatment of control (no shade cloth) or shade cloth (GCI Landscaper's 

Choice Premium 5-ounce Woven Landscape Fabric 500 Series). Shade cloth was 

clipped to the bamboo stakes and maintained for the duration of the experiment. We 

weeded the plots weekly and recorded D. graveolens survival for nine weeks. 

 

For the aboveground shading data, we analyzed seedling survival using a mixed-

effects Cox proportional hazards model (coxme and survival packages; Therneau 

2022a, 2023), with treatment (no shade and shade) as a fixed effect, and a random 
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effect of plot. We assessed the significance of the shading treatment using Type II 

likelihood ratio tests (car package; Fox and Weisberg 2019). 

 

Belowground competition - trenching, water, and nutrients 

 

To separate effects of belowground interactions, we used a trenching experiment with 

28 grassland plots. Six 45-cm holes were trenched per plot with half lined with weed 

cloth fabric (GCI Landscaper's Choice Premium 5oz. Woven Landscape Fabric 500 

Series) and the other half without weed cloth. We placed 15-diameter PVC collars in 

all holes, with a lip of 2 cm above the soil surface to prevent surface runoff and to a 

depth of 10 cm (PVC = 6 cm wide × 12 cm deep). The original soil was used to fill in 

the holes and we planted two D. graveolens seedlings in each treatment hole. Using a 

factorial design, treatments were assigned to each hole: control, the addition of 

283.49 grams of water, and the addition of 283.49 grams of water plus 5 grams of 

fertilizer (Osmocote 14-14-14). The soil surface was scratched using a fork in all 

treatments to encourage infiltration. We maintained treatments weekly and recorded 

D. graveolens survival for nine weeks. 

 

For the belowground competition data, we analyzed seedling survival using a mixed-

effects Cox proportional hazards model (coxme and survival packages; Therneau 

2022a, 2023), with treatment (control, water, water + nutrients) and competition 

(weed cloth, no weed cloth) as fixed effects, and a random effect of plot. We assessed 
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the significance of the interaction and main effects by comparing models using 

likelihood ratio tests. This approach allowed us to sequentially test the interaction 

between competition and treatment, as well as the main effects of each variable. 

 

Results 

 

Seed behavior in roadside and field soil 

 

The proportion of germinated seeds was high in both soil types (engineered fill = 

81 %, field topsoil = 84 %), with seeds showing a slightly higher chance of 

germinating in field topsoil than in engineered fill (5 % higher; relative risk of 1.05  ± 

0.06 SE; X2
1 = 105.57, P < 0.001; Figure 2). 

 

Plant growth response to disturbed soil 

 

Plants growing in competition with non-native annual grasses were significantly 

smaller than those growing alone (X2
2 = 48.03, P < 0.001), and plants grew much 

smaller in engineered fill (X2
1 = 431.87, P < 0.001, Figure 3). In addition, we saw a 

significant interaction between competition and soil (X2
2 = 470.32, P < 0.001). When 

grown with B. hordeaceus, competition reduced D. graveolens biomass by 14 fold in 

field topsoil (�̅�alone /�̅�competitor = 14.3, t = 25.47, P < 0.001) compared to only a 77 % 

reduction in biomass in engineered fill (�̅�alone /�̅�competitor = 1.77, t = 5.45, P < 0.001). 
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Similarly, competition with F. perennis caused a 55-fold reduction in D. graveolens 

biomass in field topsoil (�̅�alone /�̅�competitor = 54.6, t = 38.16, P <0.001) and only a 91 % 

reduction in engineered fill (�̅�alone /�̅�competitor = 1.91, t = 6.18, P < 0.001). 

 

Field experiment I: response to competition and disturbance 

 

Overall survival to reproduction was strongly affected by treatment ( Χ2
3 = 136.01, P 

< 0.001), with about a 50 % increase in survival in the above+below removal 

treatment and, surprisingly, lower survival in the thatch removal treatment (Figure 4). 

Likewise, survival analysis showed variation in the timing of mortality, with an 84 % 

reduction in mortality risk in the above+below removal treatment (X2
3 = 200.1, P < 

0.001). 

 

Aboveground biomass was also significantly different across the treatments (F3, 203.6 = 

154.57, P < 0.001; Figure 5). The post hoc pairwise comparison revealed that plants 

in the control treatment were significantly (almost 19-fold) smaller than in the 

above+below removal treatment (𝑋1-𝑋2 = 0.18, P < 0.0001), but did not differ from 

the aboveground removal (𝑋1-𝑋2 = 0.14, P = 1.00) or thatch removal (𝑋1-𝑋2 = 2.9, P 

= 1.00) treatments. 
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Field experiment II: separating response to above- and belowground competition 

 

In the second year of experiments, above and belowground treatment (control, 

clipping, belowground competitor removal) had a significant effect on the survival of 

D. graveolens (Χ2
2 = 15.18, P < 0.001; Figure 6a). Clipping marginally significantly 

increased survival by 32 % over the control (Z = 1.64, P = 0.100), and belowground 

competitor removal increased survival by 61 % (Z = 3.85, P < 0.001). Shading 

treatment reduced survival by almost 4-fold (Χ2
1 = 46.161, P < 0.001; Figure 6b). In 

the trenching experiment, controlling belowground competition increased survival 

(Χ2
1 = 10.37, P = 0.0013; Figure 6c). However, there was no significant effect of the 

watering and nutrient treatments (Χ2
2 = 2.94, P = 0.23) or the interaction between 

trenching and water + nutrients (Χ2
2 = 1.11, P = 0.58). We did not harvest biomass 

because intense heat and drought led to the death of all D. graveolens plants before 

they reached reproduction.  

 

Discussion 

 

Taken together, our results suggest that D. graveolens spread is limited by 

competition and that its association with roadsides reflects reduced competition than 

an affinity for the roadside soil conditions. Competition strongly reduced D. 

graveolens performance in two greenhouse and multiple field experiments conducted 

over two years with contrasting weather patterns, lending generality to the findings. 
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Other studies concur with our conclusion that D. graveolens is a poor competitor. 

Brownsey et al. (2014) found that D. graveolens develops shallow roots early, with 

significant growth starting in May, after most resident species are established. In 

contrast, Bromus hordeaceus initiates root growth by March and shoot growth by 

April, enabling it to outcompete D. graveolens by exploiting winter rains before 

senescing in summer. This delayed root development limits the ability of D. 

graveolens to compete with graminoids that capitalize on California's winter rains and 

senesce during the dry summer months. Similarly, Brinkmann (2020) observed that 

D. graveolens struggled to establish in straw mulching experiments when germinating 

alongside forbs. In our greenhouse experiment, D. graveolens aboveground biomass 

varied depending on competition from European annual grasses, with F. perennis 

producing more biomass than B. hordeaceus, potentially due to differences in root-

shoot allocation or overall plant size. The rapid growth of annual grasses intensifies 

competition aboveground for light and belowground for nutrients and water (Coleman 

and Levine 2007), and their removal could facilitate D. graveolens spread into 

rangelands.  

 

The primary mechanism limiting D. graveolens in field experiments appears to be 

belowground competition, although aboveground competition also plays a lesser role. 

In year one, removing aboveground biomass or thatch had no effect, while removing 

above + belowground competition resulted in both higher survival and higher 
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biomass. In year two, removing belowground competition increased survival by 

61 %, while removing only aboveground competition increased survival by 32 %. 

Our trenching and weed cloth treatments showed increased survival with reduced 

belowground competition, while adding water or nutrients had no effect, pointing to 

root competition as the primary driver. Finally, shading likely also negatively affected 

survival, consistent with findings by Brownsey et al. (2014) and Brinkmann (2020); 

however, disproportionate herbivory in shaded treatments may have contributed to 

this effect in our study. High mortality in year two, caused by unseasonal heat and 

intense drought, complicated efforts to fully disentable competition mechanisms.  

 

Soil played an important role in D. graveolens performance. In our greenhouse 

experiment, D. graveolens performed worse in engineered fill (a roadside soil proxy) 

compared to nutrient-rich field topsoil. The reduced growth in engineered fill was 

likely due to its significantly lower nutrient content, with approximately 11 times less 

nitrogen, 13 times less carbon, and 22 times less phosphorus than field topsoil (Figure 

1). These fertility differences likely drove the observed growth patterns. Seed 

germination was slightly lower in engineered fill than in field topsoil, contrasting 

with the species’ frequent association with disturbed roadside soils. However, soil 

type had minimal overall impact on germination. Organic matter in field topsoil may 

have influenced soil moisture and microbial communities, subtly affecting 

germination outcomes. 
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Although D. graveolens is commonly found along transportation corridors (Melen et 

al. 2024), its ability to thrive in nutrient-rich soils suggests the potential to spread 

beyond these disturbed areas. This pattern mirrors other invasive species spreading 

from roadsides into adjacent habitats (Gelbard and Belnap 2003; e.g., Sărățeanu et al. 

2010; McDougall et al. 2018). Across multiple experiments over two years, we 

consistently found evidence that D. graveolens is a poor competitor, primarily limited 

by belowground root competition. We also found that the effect of competition on D. 

graveolens in the greenhouse was much stronger in the nutrient-rich field soil than in 

the construction soil. Therefore, while D. graveolens can thrive in nutrient-rich soils, 

its distribution appears to be constrained to highly disturbed roadside soils by 

competition. Gioria et al. (2023) highlight that invasible ecosystems often include 

disturbance regimes, and both natural and anthropogenic disturbance creates space for 

colonization. Furthermore, proximity to roadways may increase NOx deposition from 

vehicle emissions (Bettez et al. 2013) or increase moisture from surface runoff 

(Trombulak and Frissell 2000), making these soils even more amenable to ruderal 

species. 

 

Spread is opportunistic for D. graveolens, often exploiting disturbed or patchy areas. 

However, competition from resident plant communities restricts its range. Land 

managers should prioritize dense vegetation cover near spread vectors (e.g., 

transportation corridors, footpaths, riparian zones, construction areas) to protect 

sensitive habitats. Perennials and early-germinating annuals with dense canopies and 
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root systems may provide strong early-season competition, limiting D. graveolens 

germination and growth before it bolts. Management practices that reduce graminoid 

competition in the spring may facilitate D. graveolens establishment by minimizing 

competition. Additionally, disturbances from cattle, mowing, and agricultural 

equipment create bare soil, likely increasing D. graveolens invasion risk.   
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Figures 

 
Figure 1. Soils used in germination and greenhouse experiments were collected from 

a central soil storage location at UC Santa Cruz. Field topsoil was collected from a 

woodland site on campus, and engineered fill was taken from a campus construction 

project. The soils were exposed to outdoor conditions, which allowed microbial 

communities to persist. We subsampled each soil type for our experiments. Samples 

were sent to UC Davis Analytical Laboratory, Davis, CA for analysis.  
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Figure 2: Cumulative proportion germinating per day of D. graveolens seeds 

germinated on engineered fill (circles) and field topsoil (triangles). Values shown are 

means ± 1 SE, showing variance across 16 seed sources (sites). 
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Figure 3. Biomass (g) of D. graveolens grown in a greenhouse experiment alone or 

with each of two grass competitors (Bromus hordeaceus and Festuca perennis), 

planted into field topsoil (a) or engineered fill (b). Boxes correspond to the median, 

first and third quartiles, and whiskers extend to the furthest value within 1.5 × the 

inter-quartile range. Note the log scale. 
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Figure 4. (a) Proportion of D. graveolens that survived to reproduction by treatment. 

Plants were transplanted as seedlings into control plots with undisturbed grassland, 

plots from which dry thatch was removed, plots where aboveground biomass was 

clipped, and plots where both above- and belowground biomass of all plant neighbors 

was removed. (b) Survival of D. graveolens over time for plants transplanted as 

seedlings into control plots with undisturbed grassland (circles), plots from which dry 

thatch was removed (triangles), plots where aboveground biomass was clipped 

(squares), and plots where both above- and belowground biomass of all plant 

neighbors was removed (diamonds). 
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Figure 5. Differences in D. graveolens aboveground biomass for plants transplanted 

as seedlings into control plots with undisturbed grassland, plots from which dry 

thatch was removed, plots where aboveground biomass was clipped, and plots where 

both above- and belowground biomass of all plant neighbors was removed. Boxes 

correspond to the median, first and third quartiles, and whiskers extend to the furthest 

value within 1.5 × the interquartile range. 
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Figure 6. Survival of plants transplanted in 2nd-year experiment as seedlings into 

field plots. (a) Control plots with undisturbed grassland (circles), plots where 

belowground competitors were removed (triangles), and plots where aboveground 

biomass was clipped (squares). (b) Plots with no shade cloth (circles) and with shade 

cloth (squares). (c) Plots with three treatments (control, water, and water + fertilizer) 

and two competitive levels. Open triangles show plots where we trenched and then 

lined with weed cloth preventing root competition, while closed circles have no 

trenching or weed cloth.   
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Chapter 3 

 

Seed bank behavior of an invasive annual Aster (Dittrichia graveolens) 

 

Abstract 

 

Seed dormancy and germination dynamics are critical for understanding the 

persistence and dynamics of invasive plant populations. We investigated ecological 

and evolutionary factors influencing seed dormancy and germination of a noxious 

plant in California, Dittrichia graveolens (stinkwort). To explore evolution with 

invasive spread, we compared four long-established core populations from the range 

of initial invasion with four recently established populations at the invasion front in 

the Sierra Nevada Mountain foothills. We used three experimental approaches: (1) a 

mesocosm study to assess germination of surface-sown seeds under outdoor 

conditions over three years, (2) a burial depth experiment to evaluate germination at 

six soil depths, and (3) a field dormancy experiment tracking seed survival in buried 

mesh bags over three years to assess seed dormancy. Overall, we found no significant 

difference in dormancy or germination between core and invading front populations 

over three years. Most seeds (83.9%) germinated in the first year, with only a small 

percentage germinating in later years. Burial depth significantly reduced germination, 

showing a sharp decline below 1cm. Finally, viability persisted through the first 

(65.9 %) and second (59.9 %) years in the field dormancy study, but dropped sharply 
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by year three. These findings suggest that D. graveolens dormancy and germination 

behavior have not evolved on the spreading edge of the invasion front. They respond 

strongly to rainfall seasonality and burial, with most seeds germinating with the first 

moisture cues unless buried. Insights from this study highlight potential management 

strategies to limit D. graveolens spread in California, including control after the first 

rains and continued monitoring for more than three years. 

 

Introduction 

 

Seed banks are a critical phase of the plant life cycle and affect population dynamics 

and the maintenance of plant diversity (Gioria et al. 2012; Funk et al. 2020). 

Dormancy is a way for seeds to bet-hedge in variable environments (Baker and 

Stebbins 1965) to germinate under the right conditions (Fenner and Thompson 2005). 

Much of our understanding of seed viability and germination behavior comes from 

the agricultural sector (e.g., Dezfuli et al. 2008; Toscano et al. 2017; Hmissi et al. 

2023). Despite its ecological and evolutionary importance, long-term seed bank 

behavior is often insufficiently studied because of the complexity of tracking seed 

fates over multiple years.  

 

Long-lived seed banks are a key feature of many weedy species (Gioria et al. 2012), 

serving as a persistent source of invasive plants (Roberts and Boddrell 1984; Fletcher 

et al. 2015; Moravcová et al. 2018). For land managers, understanding seed bank 
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dynamics is critical for determining how long dormant seeds may germinate and 

planning effective weed control efforts (Matzek et al. 2015; Funk et al. 2020). The 

dormancy rate of an invasive population directly influences how long managers must 

revisit a site to ensure successful removal, helping optimize time and funding 

allocation.  

 

As populations spread across a landscape, they encounter and colonize new, often 

unoccupied habitats, a process that repeats across successive generations (Andow et 

al. 1990). This expansion creates opportunities for natural selection to favor traits that 

enhance dispersal and increase the population’s ability to establish in these “empty” 

habitats (Phillips et al. 2010). Over time, selection pressures may optimize traits 

contributing to the density-independent population growth rate (r), enabling 

populations to spread more effectively across a fragmented dynamic landscape 

(Andow et al. 1990; Phillips et al. 2010; Perkins et al. 2013). For example, due to the 

selection for a shorter generation time, we predict dormancy will decline in rapidly 

spreading populations, resulting in higher rates of germination in the first year. Lower 

seed survival in invading front populations could also be caused by inbreeding 

depression, and loss of resistance to pathogens could occur through founder effects or 

genetic drift.  

 

In California, D. graveolens was first observed in 1984 in Santa Clara County 

(Preston 1997), yet it is also actively spreading into new areas along the invading 
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front in the northern and eastern edges of its invaded range (Figure 1). As a ruderal 

species, D. graveolens is most often found along roadsides (Melen et al. 2024) and is 

moving along transportation routes into the Sierra Nevada Mountain foothills. With 

core populations potentially experiencing different selective pressures than invading 

front populations, this system presents a unique opportunity to study the seed bank 

dynamics of an invasive plant species.  

 

Previous research on D. graveolens seed behavior demonstrated that it has high 

germination (between 62 and 80 %) at a wide range of temperatures (12 to 34 °C) and 

germinates under various light conditions (9, 27, 50, and 100 % sunlight), indicating 

that primary dormancy is unlikely in this species (Brownsey et al. 2013b). In a 

seedling emergence study, Brownsey et al. (2013b) reported a 30 % germination rate 

over two years (2010 and 2011) for D. graveolens seed placed on sand in a field 

setting. Seed viability for this species is between 80 and 95 % (Brownsey et al. 

2013b) at the time of dispersal, so this lower germination rate is uncommon for 

mature D. graveolens seeds and may not represent the seed bank capacity but does 

suggest a lack of primary dormancy. In addition, in the field, soil deposition occurs 

with time, accumulating on top of the seed, potentially changing the seed behavior. 

To adequately manage this invasive species, a more robust study is needed to assess 

how D. graveolens responds to field conditions where soil is allowed to naturally 

accrue over the top of the seed, in addition to testing germination for over two years. 
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Here, we assess D. graveolens seed germination, dormancy, and survival. We 

implemented experiments designed to assess complementary aspects of seed 

behavior, focusing on differences between core and invading front ranges. First, we 

placed seeds on the surface in an outdoor mesocosm to study germination over three 

years. Second, we studied the response of seed germination to sowing depth in a lab 

experiment. Finally, we buried seeds in the field in mesh bags to assess differences in 

seed dormancy and viability over three years. We predicted that invading front 

populations would show reduced dormancy and increased germination, and that seed 

germination patterns would be strongly affected by sowing depth. 

 

Methods and Materials 

 

Seed collection 

 

We collected seeds from wild populations of D. graveolens in November and 

December 2018 from eight sites in California (Table S1; Figure 1): four from the core 

range of Santa Clara County, and four from the invasion front range, along four major 

transportation corridors leading into the Sierra Nevada Mountain foothills. We 

generated a list of potential locations in collaboration with local resource managers 

and using online sources (e.g., CalFlora and Google Maps), and drove and/or walked 

from those locations until we found the nearest roadside D. graveolens population. At 
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each site, we collected seeds from 10 randomly selected plants (80 maternal families 

total). 

 

To control for maternal effects, we grew an extra generation in a biosecurity 

greenhouse at the University of California Santa Cruz. In February 2019, we 

germinated seeds on filter paper in Petri dishes. We visually inspected seeds 

beforehand to ensure that only fully developed seeds were used for both experiments. 

Petri dishes were sealed with Parafilm M™ and placed in a randomized block design 

in an incubation chamber with a daytime temperature of 23 °C from 0900 to 0100 h 

and a nighttime temperature of 19 °C from 0100 to 0900 h. Once seedlings emerged, 

we transplanted them into potting media (ProMix® HP® Mycorrhizae™) in SC10 

conetainer cells (3.81 cm diameter, 20.96 depth, 164 ml volume). Source populations 

were randomized with one offspring per maternal family represented in each of the 

two blocks.  

 

To keep lineages pure, we bagged each plant with light-permeable mesh prior to 

budding; D. graveolens readily self-pollinates. In March 2020, the seeds produced by 

these plants were used to grow a second generation using the same methods and 

growing conditions. From December 2020 to January 2021, seeds were harvested 

from these plants for use in the experiments described below.  
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Mesocosm germination 

 

To measure rates of germination over time, we sowed loose seeds onto the soil 

surface in ambient temperature and precipitation conditions on 15 October 2021. For 

biosafety reasons, this experiment was done in a mesocosm at the Coastal Science 

Campus at UCSC in an outdoor space adjacent to the greenhouses. Using two metal 

raised beds (0.9 × 1.2 m), we sunk 240 open-bottomed Anderson Band pots (6 × 9.5 

cm) into 5 cm of filtered engineered fill soil which originated from the Kresge 

construction site at UCSC, leaving 9 cm of head space. We used engineered fill to 

mimic soil conditions in D. graveolens’ typical roadside habitat. In each pot, we 

placed 200 seeds on the soil surface and then covered the raised beds with bird 

netting to prevent animal access but allow natural precipitation. The same 80 

maternal families were used in this study, with three replicates in a randomized block 

design. 

 

We checked the pots weekly for germination from October through March (typical 

California rainy season) and monitored occasionally throughout the rest of the year to 

attend to weeds and other maintenance needs. Immediately upon germination, 

seedlings were clipped at the soil level to remove them from the experiment and 

eliminate light competition from the pot. We used precipitation data from the Western 

Regional Climate Center (2024) weather station on-site to assess the start and end of 

each rainy season. 
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Burial depth 

 

To understand how D. graveolens seeds respond to being buried, we conducted an 

experiment planting sterilized seeds at six different depths (0 mm, 1 mm, 5 mm, 10 

mm, 15 mm, and 20 mm) in 50-mL Falcon centrifuge tubes (Corning, Tewksbury, 

Massachusetts, USA; 3.2 cm width × 11.7 cm height) filled 60 % with moist 

horticulture sand. We saturated the sand in each tube with deionized water and then 

used a paper towel to wick away water above the sand surface. In each of 10 replicate 

tubes per treatment, we placed 5 sterilized D. graveolens seeds from a population 

collected from Lexington Reservoir, California (10 replicates; 300 seeds total). We 

closed the lids on the Falcon tubes to maintain moisture and placed them in a 

randomized order in racks on a north-facing windowsill. We recorded germination 

weekly for eight weeks until no germination was recorded for seven days. After the 

experiment, the remaining seeds were exhumed for post-mortem analysis and treated 

with a Triphenyl tetrazolium chloride (TTC) solution. We bisected the seed along the 

longitudinal axis through the midsection of the embryo and then bathed it for 2.5 

hours in a 0.25% Triphenyl tetrazolium chloride (TTC) solution. Afterward, seed 

halves were inspected for red or pink tissue using a microscope to assess whether any 

seeds were alive. None of the ungerminated seeds were viable. 
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Field dormancy 

 

To measure dormancy rates and survival of dormant seeds in soil, we buried seeds in 

the field. A total of 30 seeds from each of 80 lineages were used. These lineages 

consisted of 10 maternal families from 8 field sites, grown for one generation in the 

greenhouse. Seeds were sown into light-permeable mesh bag pockets, arranged in a 

randomized block design. Each mesh sleeve contained 8 pockets, and 10 sleeves 

formed a block, with one maternal family per population represented in each sleeve. 

This ensured that all 80 lineages were included across the 10 sleeves. The three-year 

experiment was replicated at two sites, resulting in 14,400 seeds buried overall (30 

seeds × 80 families × 3 years × 2 sites). 

 

We installed the seed bags at two grassland sites at Blue Oak Ranch Reserve in 

California. Seed bags were staked into the ground and covered with about 2 cm of 

local soil. To prevent soil disturbance and herbivory, we placed a 120-cm high plastic 

plant protection fence around both sites. Each year in late spring, after the last winter 

rains and the soil starting to dry, we collected a block of seed bags from each site to 

test seeds for viability (Y1: June 18, 2022; Y2: May 10, 2023; Y3: May 25, 2024). In 

the lab, seed bags were opened, and seeds were sorted from soil and plant debris and 

placed in Petri dishes. We then counted the total number of seeds in the dish and 

sorted the seeds into categories based on a visual inspection and with a microscope. If 

seeds were firm, full, and had no visible damage, they were counted as presumed 



 84 

dormant (and alive), and they were transferred onto filter paper in a Petri dish. Seeds 

that were physically damaged (e.g., holes, broken in parts, etc.) were counted as dead, 

whereas seeds that were empty (e.g., seed coat split open but no seed within) were 

counted as germinated. In the first year only, we found two dried D. graveolens 

seedlings that were also counted as germinated. 

 

Each Petri dish with presumed dormant seeds was moistened with 2.5 ml of a 250 

mg/L gibberellic acid (GA3) solution and sealed with Parafilm M™. Dishes were 

placed in a randomized block design under shade cloth on outdoor tables with 

ambient average daily temperature highs of 16.5 °C and lows of 11.7 °C (Western 

Regional Climate Center weather station for Younger Lagoon). Each week seeds 

were checked for germination, and germinated seeds were removed. After seven days 

of no germination, the remaining seeds were tested for viability using a TTC solution 

(as above). Only one seed was alive after TTC addition, indicating that essentially all 

the live seeds were revealed by the GA3 treatment. 

 

Data analysis 

 

We used R version 4.3.1 (2023-06-16; R Core Team 2023) for all statistical analyses. 

We used Sankey diagrams to visualize the fates of seeds over time (Hernandez et al. 

2020). 
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Mesocosm germination 

 

We compared proportion of germinated seeds with a generalized linear mixed model 

fitted by a maximum likelihood (Laplace Approximation) using a binomial family 

with a logit link function (lme4 package; Bates et al. 2015). The fixed effect was 

range (core or invading front), and random effects were family nested within 

population. For each year, we evaluated the effect of range on germination using 

Type II Wald Chi-square tests (car package; Fox and Weisberg 2019). 

 

Burial depth 

 

We compared proportion of germinated seeds with a generalized linear mixed model 

using a binomial family with a logit link function; the fixed effect was burial depth, 

and the random effect was replicate (glmmTMB package; Brooks et al. 2017). We 

evaluated the effect of burial depth on germination using Type II likelihood ratio Chi-

square tests (car package; Fox and Weisberg 2019). We conducted post-hoc pairwise 

comparisons using estimated marginal means, comparing them using z-ratios, and a 

Bonferroni adjustment for multiple comparisons (emmeans package; Lenth 2024). 
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Field dormancy 

 

We compared proportion of alive, dormant seeds with a generalized linear mixed 

model fitted by maximum likelihood (Laplace Approximation) using a binomial 

family with a logit link function (lme4 package; Bates et al. 2015). The fixed effect 

was range (core or invading front), and random effects were replicate, family, and 

population. For each year, we evaluated the effect of range on dormancy using Type 

II Wald Chi-square tests (car package; Fox and Weisberg 2019). 

 

Results 

 

Mesocosm germination 

 

We found no significant effect in germination between the core and invading front 

ranges for year one (Χ2 = 1.59, DF = 1, P = 0.21; Figure 2), year two (Χ2 = 0.45, DF = 

1, P = 0.50), or year three (Χ2 = 1.12, DF = 1, P = 0.29). Overall, 83.9 % of the seeds 

germinated in the first year time with rainfall, with an additional 1.3 % in year two 

and 0.04 % in year three (Figure 3). 

 

Burial depth 

 

Germination was greatest on the surface and declined with increasing burial to 10 

mm, after which it leveled off (Χ² = 53.95, DF = 5, P < 0.0001; Figure 4). Seeds at 0 
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mm had the highest germination (80 % on average), while burial at 10 mm or deeper 

reduced germination to less than 10 %. Post hoc comparisons confirmed significantly 

higher germination at 0 mm compared to 10 mm, 15 mm, and 20 mm depths, with 

overlapping patterns at intermediate depths.  

 

Field dormancy 

 

Likewise, there was no significant difference between seeds originating from the core 

and invading front ranges for dormancy in any year (Χ2 = 0.44-1.15, DF = 1, P = 

0.28-0.51; Figure 5). Overall, 65.9 % of the seeds were dormant after one year, 

59.9 % after two years, and only 29.6 % after three years (Figure 6). 

 

Discussion 

 

Most D. graveolens germination (83.9 % overall) for seeds on the soil surface in our 

mesocosm occurred in response to the first rains of the first year, with smaller 

germination events following rainfall events in years two and three. By the end of 

three years, only 0.04 % of the seeds overall were ungerminated. Brownsey et al. 

(2013b) also observed this pattern of high first-year germination in their two-year 

experiment, suggesting that this pattern is consistent across various D. graveolens 

populations, rainfall years, and locations in California. The dominance of a single 

germination cohort provides useful information for management, suggesting that land 
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managers should be able to focus seedling control efforts after major rainfall events 

early in the season. In contrast to our findings, however, we have spoken to some land 

managers who have observed multiple seedling cohorts throughout the growing 

season all the way into June. Because this behavior was not seen in experiments in 

either coastal or central California, it may be particular to certain years, microsites, or 

management regimes. A broad survey of germination phenology would be useful to 

investigate these remaining questions.  

 

Contrary to our expectations and prior research on other invaders, we found no 

significant difference in germination and dormancy between core and invading front 

D. graveolens populations. For example, Tabassum and Leishman (2018) found that 

Gladiolus gueinzii germination was slower in core populations than in the invading 

front range of invasion. However, Gong et al. (2022) found faster germination in core 

Ageratina adenophora populations compared to invading front populations, noting 

that selection pressures may have shifted energy investment to the core populations as 

a way to offset herbivory pressures. Several possible explanations may explain why 

we do not see a difference in germination for D. graveolens. First, selection may have 

acted on germination, but D. graveolens populations may have lacked sufficient 

genetic variation to respond to selection, possibly due to founder effects associated 

with the introduction (Dlugosch and Parker 2008b; Dlugosch et al. 2015) or relatively 

short time period since initial spread. Germination rates were high overall in the 

mesocosm (83.9 %), so there was generally low dormancy. On the other hand, the 
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number of persistent seeds varied greatly among seed bags after three years, but that 

variability was not explained by the population type (core and invading front). 

Additionally, D. graveolens was identified in the early 1980s in the core range 

(County of Santa Clara) and has spread into the Sierra Nevada Mountain foothills 

only since the early 2000s (Table S1), which may not be enough time for dormancy 

traits to evolve. Finally, the benefits of short-term dormancy may remain even in the 

invading front populations, countering selection against long-term dormancy. 

 

In our seed burial experiment, seeds at the soil surface germinated at around 80 %, as 

found in our mesocosm experiment and by Brownsey et al. (2013b); however, adding 

even a few millimeters of sand dramatically decreased germination. Light rarely 

penetrates deeper than a few millimeters below the soil surface (Bliss and Smith 

1985); however, sand particles may extend that range by a few millimeters (Fenner 

and Thompson 2005, p. 116). For light-requiring species, such as those from the 

family Asteraceae, depth greatly affects germination, and small-seeded species often 

rely on light cues to assess their depth in the soil (Fenner and Thompson 2005, p. 

117). In a greenhouse experiment using shade cloth, Brownsey et al. (2013b) found 

that D. graveolens had 50 to 75% germination success for all light environments 

under four different light levels (9, 27, 50, and 100 % sunlight), indicating a light 

requirement for germination. Presotto et al. (2014) found that light stimulation 

increased germination of the invasive wild-type Helianthus annuus and suggested that 

this adaptation may offer an advantage to species growing in disturbed soils, cueing 
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germination to occur when soil is churned and seeds are brought to the surface. In 

fact, for species with long-lived seedbanks, tilling to bring seeds to the surface 

(followed by seedling control) is sometimes proposed as a management strategy. 

However, for a species with a shorter-lived seed bank, such as D. graveolens, burial 

to suppress germination may be a better strategy. Our findings suggest that covering 

the surface with at least 2 cm of soil post-dispersal and pre-rain events could nearly 

eliminate germination but would require further monitoring.  

 

Our field dormancy experiment showed viability persisting through year one (65.9 %) 

and year two (59.9 %) but dropping sharply in year three (29.6 %). This classifies D. 

graveolens as a species with a short-term persistent seed bank (Fenner and Thompson 

2005; Hu et al. 2017). Under agricultural field conditions, Brownsey et al. (2013b) 

observed germination patterns consistent with this trend, noting that the D. 

graveolens seedlings continued to emerge for at least two years in agricultural field 

conditions, although seed viability was not directly assessed.  

 

Seed dormancy is a bet-hedging strategy that is one of Baker’s (Baker and Stebbins 

1965, p. 166) original ‘ideal weed’ traits. Dormancy allows a seed to germinate in the 

correct place and at the right time (Fenner and Thompson 2005, p. 97), but at the cost 

of not reproducing immediately. Other weedy invasive species show a similar pattern 

to D. graveolens, with short-term persistent seed banks (e.g., Roberts and Boddrell 

1984; Presotto et al. 2014; Hu et al. 2017; Moravcová et al. 2018; Skálová et al. 
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2019). Although long seed dormancy is often associated with successful invaders 

(e.g., Bossard 1993; Passos et al. 2017), for a spreading population, such as D. 

graveolens, in theory, dormancy would be disfavored to promote traits to colonize 

empty space. 

 

Since our three-year study shows an almost 30 % viability rate, the tail-end of the 

seed viability curve has not fully been assessed, and additional data would be 

valuable beyond this timeframe. Viability variability was observed in core and 

invading front populations over all three years, despite the average viability rate 

declining. Even with lower average viability, just a few plants reaching reproduction 

can maintain a persistent resident population and seed bank. Management 

implications suggest that more than a three-year control period might be necessary to 

manage D. graveolens populations, as some still retain high viability in year three. In 

year three, core populations had a maximum viability of 93.3 %, and invading front 

populations had a maximum viability of 73.3 %, suggesting that certain populations 

will require more targeted management in areas vulnerable to invasion and around 

previous stands of D. graveolens stands. 
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Conclusion 

 

D. graveolens seed bank germination and dormancy showed little differentiation 

between populations in the core and invading front ranges of California. The high 

initial germination rates, followed by a dramatic decline after the first year suggest a 

life history strategy that favors the early establishment of the next generation over 

bet-hedging with a persistent seed bank. The steep decline in germination with 

increasing burial depth suggests that D. graveolens is photoblastic, which can 

influence its establishment in novel environments on the leading invading front. Our 

findings also suggest that shorter dormancy has not been selected for in invading 

front populations but is instead ubiquitous throughout the core and invading front 

populations sampled in this study. This strategy of favoring immediate colonization 

over longevity, a trait common in other ruderal species (Roberts and Boddrell 1984), 

likely contributes to its rapid spread in California. Based on our results, we 

recommend management strategies include monitoring and control after the first 

rains, as well as strategic burial to suppress germination. 
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Figures

 

Figure 1. Map of California counties showing the year of first observation. Since its 

introduction in the County of Santa Clara (black polygon) in 1984, D. graveolens has 

been observed in 83 % of the counties. Counties in light gray have no data. The green 

dot shows core population county and the grey dots show invading front populations 

used in this study (see Table S1 for location details). Data retrieved from Calflora 

(2024), map created in R (Walker 2024). 
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Figure 2. Proportion of germinated D. graveolens seeds from core and invading front 

ranges after each year of germination in an outdoor mesocosm at UC Santa Cruz 

greenhouses. Seeds were collected from the County of Santa Clara (core range) and 

along four major transportation corridors leading into the Sierra Nevada Mountain 

foothills (invading front).  In the first year, 83.9 % of the seeds germinated, with 

greatly reduced germination in years two and three. Boxes correspond to the median, 

first and third quartiles, and whiskers extend to the furthest value within 1.5 × the 

inter-quartile range.  
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Figure 3. Number of D. graveolens seedlings per survey day (green circles) and total 

daily rainfall (mm) (blue lines). Seeds were placed on the surface on 15 October 

2021. Overall, 83.9 % of the seeds germinated in the first year, with an additional 

1.3 % in year two and 0.04 % in year three. 
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Figure 4. Proportion of germinated D. graveolens seeds at six different seed depths 

(0, 1, 5, 10, 15, and 20 mm below the surface). Boxes correspond to the median, first 

and third quartiles, and whiskers extend to the furthest value within 1.5 × the inter-

quartile range. Outliers are represented as closed circles. Lowercase letters indicate 

significant differences in a pairwise post hoc test (P < 0.05), and open diamonds 

indicate means. 
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Figure 5. Proportion of viable D. graveolens seeds from core and invading front 

ranges after each year of burial in seed bags at Blue Oak Ranch Reserve. Seeds were 

collected from the County of Santa Clara (core range) and along four major 

transportation corridors leading into the Sierra Nevada Mountain foothills (invading 

front). Boxes correspond to the median, first and third quartiles, and whiskers extend 

to the furthest value within 1.5 × the inter-quartile range.  
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Figure 6. Sankey diagram for fates of buried seeds of D. graveolens. Estimates are 

averages for four populations in the core of the invasion (core) and four populations 

at the expanding invasion front (invading front). Each year, seed bags are removed 

and the remaining seeds are tested for viability. In year one, we could estimate 

germination (green arrow), death (gray arrow), and viable seed (brown arrow). In 

years 2 and 3, the gray arrows show seeds lost from the seed bank to seed death, 

disease, and predation, as well as germination. Seeds that remain viable in the seed 

bank are part of the brown arrow.  
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Conclusion 

 

We have explored how ecological and evolutionary drivers influence the biological 

invasion of D. graveolens in California. With increasing observations of D. 

graveolens growing along roadsides and mounting evidence suggesting an ability to 

spread to nearby plant communities, we examined whether D. graveolens populations 

growing in habitats adjacent to roadsides have evolved competitive ability compared 

to roadside populations. We have also assessed whether D. graveolens has an affinity 

for abiotic roadside soil conditions or seeks it as a refuge from more competitive, 

nutrient-rich environments. Finally, we have asked critical questions about the seed 

bank of this invasive species and whether seed banks from populations on the leading 

front of the invasion behave differently from those from older populations near the 

core range of the invasion. We found (1) no evidence of adaptive differentiation for 

D. graveolens in non-roadside habitats, (2) competition with resident plants restricts 

distribution to roadsides rather than soil preference, and (3) dormancy and 

germination traits are similar across core and edge populations, and seed burial can be 

a beneficial management strategy. Overall, we have found a roadside invader that 

opportunistically invades nearby environments when competition is reduced, and has 

a seed bank with a short-term dormancy. 

 

We combined lab, greenhouse, and field experiments to address our research 

questions from multiple perspectives, creating a deeper understanding of the invasion 
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dynamics of D. graveolens. Our multi-faceted approach integrated the precision of 

controlled lab and greenhouse experiments with the contextual insights of field 

experiments, revealing aspects that may have been overlooked with a single method. 

For example, greenhouse experiments isolated competition effects on D. graveolens 

growth, while field studies placed these findings within the complexities of a natural 

system, such as intense heat causing high mortality, overriding other influences. 

Similarly, lab-based germination trials provided precise insights into seed dormancy, 

complementing the broader patterns observed in our seed bank greenhouse and field 

experiments. For studies of evolutionary divergence, lab experiments controlled for 

extraneous variation, making them ideal for detecting genetic differences. However, 

without the field context, it would be difficult to assess how natural selection might 

act on these genotypes. By combining approaches, we enhanced the validity of our 

findings and developed a more comprehensive understanding of the ecological and 

evolutionary factors driving invasion. 

 

Finding a lack of adaptive differentiation across populations implies that in the 40+ 

years that D. graveolens has been present in the County of Santa Clara, this species 

has yet to adapt locally and evolve traits that make it a better invader. Our results 

suggest that even strong selection in less disturbed, more competitive environments 

may not result in the rapid evolution of invasive ability as plants spread away from 

roads. Opposing selection pressures on roads and away from roads, with gene flow 

linking close populations, may represent an insurmountable barrier to the evolution of 
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increased competitive ability in invasive plants. To the extent that these barriers to 

adaptation persist over time, evolution will not represent an urgent threat to 

management activities or risk assessments. Another possible explanation is that 

expanding populations have limited genetic variation for these traits. The introduction 

of D. graveolens to California may have involved significantly reduced genetic 

diversity due to a strong founder effect or repeated bottlenecks. Such effects are 

common during invasions and often reduce variation in invasive species (reviewed in 

Dlugosch and Parker 2008a; Dlugosch et al. 2015). Additionally, McEvoy et al. 

(2023) suggest that D. graveolens has a history of selfing, which can further limit 

genetic variation and contribute to the lack of differentiation observed across 

California populations.   

 

While D. graveolens grows well in different soil types, its spread is limited by 

competition from resident plants, suggesting that increasing competitive pressure and 

reducing disturbed, bare ground are two management strategies to curb its invasion. 

Managers can identify vectors of spread, such as nearby roadsides or soil 

disturbances, and focus resources to build a robust biotic barrier to inhibit new 

invasions. In conjunction, targeting areas with existing seed banks to practice early 

detection and rapid response (EDRR) methods for more than three years is a 

promising way to limit germination, and strategic burial may prevent new seedling 

cohorts from emerging without inducing secondary dormancy. Our seed bank 

experiment is continuing, and after 5 years we will have more complete information 



 102 

about the longer-term viability of D. graveolens seed. Using knowledge gained from 

these studies in combination with existing mechanical and chemical practices will 

strengthen our ability to mitigate new D. graveolens invasions and reduce the impact 

of current populations. 

 

Similar to other researchers (Brownsey et al. 2013b), we found a strong association 

between large rainfall events and germination. Brownsey et al. (2013a) identified a 

germination window from November to March in the Central Valley of California, 

but vegetation management networks have reported repeated germination cohorts 

extending into June. In our study, germination did not occur after the rains stopped, 

though this result may reflect the limitations of our mesocosm experiment. Future 

studies should track germination year-round across different rain years, regions, 

substrates, and habitats. Late-season germination may occur in areas with 

groundwater movement, such as salt marshes, riparian zones, or drainage ditches. In 

these environments, soil moisture rather than precipitation might cue D. graveolens 

seeds to germinate, potentially enabling germination into late spring. 

 

While we now better understand why D. graveolens thrives along roadsides and in 

disturbed soils, much remains to be learned about its potential response to climate 

change and other anthropogenic drivers. Climate change in California is expected to 

intensify droughts and flooding, likely increasing bare ground in plant communities – 

a known entry point for D. graveolens into more competitive ecosystems. As a 
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Mediterranean species, D. graveolens is adapted to mild winters and dry summers, 

suggesting potential drought tolerance that, combined with its ability to colonize bare 

ground, poses significant risks to vulnerable ecosystems. However, little is known 

about the drought tolerance of D. graveolens or how this late-season annual responds 

to hydrological fluctuations. While late-spring rains may increase competition with 

other species, vegetation management practices targeting grasses and other invasive 

species in spring could inadvertently create opportunities for late-spring cohorts of D. 

graveolens to establish. Further research on the response of D. graveolens to water 

availability is crucial to forecasting its behavior under California’s changing climate.  

 

Wildfire prevention methods and wildfire events themselves both contribute to the 

spread of D. graveolens by creating disturbed, bare ground that favors its 

establishment. Practices that reduce wildfire risk, such as removing vegetation to 

create defensible space around structures (FEMA 2020) and constructing firebreaks 

with large machinery like bulldozers, often result in soil disturbance and open patches 

– ideal conditions for D. graveolens to thrive. As an Asteraceae with small, 

lightweight seeds equipped with a pappus, D. graveolens is easily wind-dispersed, 

allowing its seeds to travel from nearby unburned areas into recently burned sites 

with minimal barriers. Similarly, wildfires themselves clear vegetation, reduce 

competition, and leave behind large areas of bare ground providing additional 

opportunities for D. graveolens to spread into new habitats. In addition to benefiting 

from wildfire-associated disturbance, D. graveolens may also influence fire regimes. 
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The chemical composition of its leaves and stems could contribute to flammability, 

potentially increasing wildfire risk in invaded areas. There is currently no evidence to 

suggest that D. graveolens can survive and resprout after wildfire (Kubiak 2009), 

however, this relationship between the plant and wildfire promotion remains poorly 

understood, and more empirical studies are needed to determine whether D. 

graveolens shows a positive feedback with wildfire. Understanding the dual 

relationship between wildfire and D. graveolens as both a potential benefitor and 

contributor to wildfire is critical to managing its spread and mitigating fire risks in 

California. 

 

A deeper understanding of how D. graveolens responds to diverse edaphic conditions 

is urgently needed, particularly in sensitive habitats with soils rich in heavy metals 

(e.g., serpentine), elevated salinity (e.g., salt marshes, vernal pools), or frequent 

disturbance and bare ground (e.g., California native grasslands). Increasing reports 

from land managers suggest that D. graveolens is encroaching on serpentine soils – 

an uncommon soil type formed from the weathering of ultramafic rock. These soils 

are characterized by patchy, rocky terrain and high concentrations of heavy metals, 

which make it challenging for non-serpentine species to colonize (Whittaker 1954). 

Native plant communities on serpentine soils host rare and endemic species, but these 

can be outcompeted by invasive species, especially near roadsides with high nitrogen 

deposition (Weiss 1999). If D. graveolens can tolerate the particular edaphic 

conditions of serpentine plant communities, these unique ecosystems are at 
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significant risk. Similarly, habitats with higher salinity could provide another pathway 

for D. graveolens invasion. The species has already been observed along the edges of 

salt marshes and salt pans in the southern San Francisco Bay, as well as encroaching 

on vernal pools in the East Bay. Within remnant California native grasslands, where 

bare ground naturally occurs around perennial bunchgrasses and shrubs, D. 

graveolens may exploit natural gaps and small mammal disturbances to establish 

itself. Further research is crucial to better assess the risks posed by D. graveolens and 

to inform management strategies for protecting these at-risk habitats. 

 

What we lay out in this series of studies demonstrates that D. graveolens, although 

not a strong competitor, succeeds in bare soils, which often go hand in hand with 

anthropogenic habitats. Much of California and other parts of the globalized world 

are increasingly molded by human development, agriculture, and infrastructure. 

These disturbed conditions are where D. graveolens thrives, therefore human 

presence is ultimately the best indicator of D. graveolens risk. As a Mediterranean 

species, D. graveolens appears to be globally limited to similar climates 

(Lustenhouwer and Parker 2022), but a changing world and the plasticity of the 

species may propel it to move beyond these climate boundaries. Locally, early 

detection and rapid response are critical for eradicating new populations and slowing 

the spread. Using adaptive management to mitigate invasions is necessary to limit D. 

graveolens spread. Ultimately, plant invaders like D. graveolens are here to stay, but 
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we can learn a lot from management efforts to curb the next invasion and mitigate 

current issues. 
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Appendix 1 

Supplementary Tables and Figures for Chapter 1. 
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Table S3. Plant species growing within the fenced field plot at Blue Oak Ranch 

Reserve, California, surveyed on May 16, 2021. 

 

Scientific Name Family Abundance Origin 

Amsinckia menziesii var. intermedia Boraginaceae Rare Native 

Avena barbata Poaceae Dominant Non-native 

Bromus diandrus Poaceae Common Non-native 

Bromus hordeaceus Poaceae Common Non-native 

Bromus madritensis ssp. rubens Poaceae Common Non-native 

Carduus pycnocephalus Asteraceae Uncommon Non-native 

Centaurea solstitialis Asteraceae Common Non-native 

Clarkia purpurea ssp. quadrivulnera Onagraceae Common Native 

Daucus pusillus Apiaceae Common Native 

Erodium cicutarium Geraniaceae Dominant Non-native 

Festuca myuros Poaceae Common Non-native 

Festuca perennis Poaceae Common Non-native 

Lupinus bicolor Fabaceae Common Native 

Lysimachia arvensis Primulaceae Uncommon Non-native 

Madia gracilis Asteraceae Rare Native 

Trifolium hirtum Fabaceae Dominant Non-native 

Vicia hirsuta Fabaceae Uncommon Non-native 
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Table S4. We collected seeds from 8 paired populations in the County of Santa Clara, 

California, and took one homogenized sample of 30 seeds from each population and 

weighed them to the closest 0.001g. We calculated average seed mass for each source 

habitat using a Welch Two Sample t-test. Average seed mass varied from 0.243 to 

0.333 and did not differ between source habitats (roadside = 2.26 mg, vegetated = 

2.37 mg; t12.11 = -1.18, P = 0.259). 

 

Site Name 
Average Seed Weight (mg) 

Roadside Vegetated 

Baylands Park 0.273 0.277 

Chesboro Reservoir 0.267 0.297 

Guadalupe Reservoir 0.300 0.283 

Lexington Reservoir 0.280 0.243 

Oakridge Pond 0.267 0.333 

Parkway Lakes RV 0.320 0.307 

Penitencia Creek 0.273 0.320 

South San Jose VTA 0.277 0.310 
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To visualize differences in plant community composition across our sites, we used the 

vegan package (Oksanen et al., 2022) in R (R Core Team, 2022) to perform an 

NMDS analysis on the plant community survey data collected from each paired site 

(Table S2). When we compared vegetated and roadside habitats, our NMDS analysis 

revealed overlapping ellipses and clustered points, indicating similarities in plant 

community composition. Specific plant species, including Bromus sp., Epilobium 

brachycarpum, and Gnaphalium palustre, correlated with values of the 2 NMDS 

factors as shown in Figure S1 (P < 0.001, R2 > 0.422). We tested for differentiation 

between roadside and vegetated habitats with PERMANOVA and found no 

significant overall difference between the habitats using the ‘adonis2’ function from 

the vegan package (F1,14 = 1.51, P = 0.227). 

 

 
Figure S1. When we compared vegetated and roadside habitats, our NMDS analysis 

revealed overlapping ellipses and clustered points, indicating similarities in plant 

community composition. Specific plant species, including Bromus sp., Epilobium 

brachycarpum, and Gnaphalium palustre, correlated with values of the 2 NMDS 

factors. Numbers denote site pairs. 
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Appendix 2 

Supplementary Tables and Figures for Chapter 2. 

 

 
Figure S1. Experimental design of field experiment I: response to competition and 

disturbance. We used a randomized block design with 10 blocks of 1.5 m2 plots. We 

planted 16 D. graveolens seedlings into each plot using dibblers (640 seedlings; 40 

plots total). Seedlings were planted in a 4 × 4 grid centered on the plot. The distance 

between plants within plots was 33 cm, and plots were separated from each other by a 

25 cm buffer.  
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Figure S2. Experimental design of field experiment II: separating response to above- 

and belowground competition. We conducted three experiments related to above and 

belowground competition using a subset of the same 1.5 m2 plots as the previous year: 

1) Aboveground and belowground competition, 2) Aboveground shading, 3) 

Belowground competition - trenching, water, and nutrients. In the aboveground and 

belowground competition experiment, we randomly assigned three treatments to 54 

planting locations: belowground competitor removal (holes dug to a depth of 45 cm), 

clipping (background grassland vegetation clipped to 1 - 3 cm high), and control (no 

manipulation of the soil or vegetation). We planted two D. graveolens seedlings in 

each planting location (N = 108). In the aboveground shading experiment we hoed 11 

plots to remove above and belowground competition and then divided each plot into 

four quadrants and planted with two D. graveolens seedlings per quadrant (N = 88 

plants total). Four bamboo stakes were placed in the corners of each quadrant and 

were randomly assigned a treatment of control (no shade cloth) or shade cloth). In the 

belowground competition - trenching, water, and nutrients experiment, we prepared 

28 plots by trenching six 45-cm holes in each plot. We lined half of the holes with a 

weed cloth fabric and half without weed cloth. We placed 15-diameter PCV collars in 

all holes, with a lip of 2 cm above the soil surface to prevent surface runoff and to a 

depth of 10 cm (PVC = 6 cm wide × 12 cm deep). The original soil was used to fill in 

the holes and we planted two D. graveolens seedlings in each treatment hole. Using a 

factorial design, treatments were assigned to each hole: control, the addition of 

283.49 grams of water, and the addition of 283.49 grams of water plus 5 grams of 



 115 

fertilizer (Osmocote 14-14-14). The soil surface was scratched using a fork in all 

treatments to encourage infiltration.  



 116 

Appendix 3 

Supplementary Tables and Figures for Chapter 3. 

 

Table S1. Wild seed collection locations where we collected 10 maternal families 

from each site. 

Range Site Elevation (m) Latitude Longitude County 
First County 

Observation 

Core 

Alviso 1 37.43305 -121.96277 Santa Clara 1984 

Page Mill Park 

& Ride 
78 37.3875 -122.16333 Santa Clara 1984 

Almaden 

Quicksilver Park 
88 37.2147 -121.88177 Santa Clara 1984 

Lexington 

Reservoir 
191 37.19971 -121.98579 Santa Clara 1984 

Invading 

Front 

Triple L Ranch 393 37.91715 -120.45434 Tuolumne 2013 

Jesus Maria 428 38.3176 -120.65249 Calaveras 2011 

Sierra Rock 634 38.69128 -120.76408 El Dorado 2009 

Dutch Flats 1015 39.18778 -120.83264 Placer 2003 
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