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ABSTRACT 

RESTORING NATIVE CALIFORNIA GRASSLANDS IN A CHANGING CLIMATE 

 

by 

 

Madeline P. Nolan 

 

Over the last two centuries, there has been a dramatic shift in the composition of grassland 

communities in California due to anthropogenic disturbances, the cessation of Native 

American burning, and invasion by exotic species. As a result, most grasslands in California 

are dominated by exotic annual grasses and forbs, with native species making up only a small 

fraction of the cover at most sites. These exotic dominated grasslands also tend to persist, 

despite the cessation of the disturbances that created them (agricultural tillage, livestock 

grazing), rather than convert back to perennial communities suggesting that active restoration 

will be required to reestablish native grassland communities. My dissertation seeks to 

improve restoration outcomes in California grasslands by exploring the mechanisms that 

influence the establishment and persistence of native grassland species during restoration and 

how climate change is likely to interact with these mechanisms.  

I began with a meta-analysis of previous restoration research to understand if specific 

restoration techniques consistently improved native plant establishment in California's 

grassland and sage scrub ecosystems. I categorized techniques by the constraint they 

addressed (dispersal, abiotic, or biotic) to determine which restoration practices are more 

likely to improve plant establishment. I explored the impact of these practices on whole 
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communities and different functional groups (grass, forb, and shrub).  In total, I analyzed 

establishment success in 53 studies. In grassland and sage scrub communities, I found that 

addressing the dispersal filter (seed availability at the site) is the best way to improve plant 

establishment regardless of the functional group. This suggests that most native plants 

targeted in restoration are seed-limited. Thus, adding seeds or seedlings will lead to the most 

significant improvement in establishment compared to other restoration techniques. Native 

plant establishment can also be affected by the seed provenance, with many practitioners 

restricting seed collection to local areas near a restoration site. This restoration technique, 

termed “local seed collecting,” is practiced because it is assumed that most plants are adapted 

to local environmental conditions. There is, however, considerable debate about whether 

local seed collection should be the default seed sourcing strategy as the effects of climate 

change are increasingly considered in restoration planning. It is essential to explore whether 

local seed sourcing is necessary for dominant species often used in restoration. One such 

species is Stipa pulchra, a commonly planted perennial grass in California projects that is 

extant across a wide geographic range.  

In my second chapter, I explore how different seed sourcing strategies affect the 

establishment and growth of S. pulchra. I established three common garden plots distributed 

across a latitudinal gradient in California, and I planted seeds collected from seven distinct 

populations of S. pulchra into them. I then monitored their growth and reproduction for two 

years. I found limited evidence that restricting seed collection to local populations of S. 

pulchra resulted in higher performance than using seeds from more distant populations. 

Instead, I found evidence to support an admixture seed sourcing approach to increase 

resiliency to environmental variation. This would involve collecting seeds over a regional 
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area that encompasses greater genetic diversity than a local approach. This approach would 

help increase the chance that restored populations persist into the future, given the expected 

climate changes.  

Regardless of restoration technique, however, as climate change progresses, there 

could be inevitable shifts in plant community composition in seasonal climate regions such 

as California, particularly as droughts increase. In my third chapter, I describe a three-year 

rainfall manipulation study in which I explored how an increase in extreme drought and the 

occurrence of late spring rains, two of the likely climate change scenarios for Mediterranean 

California, would impact the establishment and persistence of a restored native grassland 

community. I seeded experimental plots experiencing three climate situations with mixes of 

12 native species and planted S. pulchra plants. After three years, I found that I could restore 

diverse grassland communities, with both perennial and annual species, in climates that were 

both wetter and drier than ambient. We also found that dry conditions favored specific native 

species and that these species were relatively stable over time. I suggest that practitioners 

could leverage dry conditions to control invasive species and establish relatively stable native 

assemblages.  

Overall, my dissertation research suggests that a diversity of native grassland species 

can survive in a wide diversity of climates and that techniques are available to restore them. 

At the same time, my research also suggests that the future of grassland restoration will, in 

part, benefit the inclusion of climate change predictions into restoration planning. By 

acknowledging and addressing potential changes to the climate now, adjusting seed mixes 

and seed sources, restored grassland communities will be more likely to persist into the 

future.  
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I. Introduction 

The species composition of grasslands in California has changed dramatically over 

the last couple of centuries due to anthropogenic disturbances and invasion by exotic species. 

Grasslands cover approximately 17% of California, with most of this area dominated by 

exotic annual grasses (Huenneke 1989). While the livestock industry actively uses these 

annual grasslands (Corbin et al. 2007, Cheatum et al. 2011), the exotic grasses that dominate 

have had primarily adverse impacts on native plant biodiversity (D’Antonio et al. 2007, 

Schiffman 2007) and have fundamentally altered the structure of these communities 

(Stromberg and Griffin 1996, D'Antonio and Meyerson 2002). This is particularly true away 

from the immediate coast (Mooney et al. 1986, Mack 1989, Stromberg et al. 2001, Stromberg 

et al. 2007). As a result, once widespread native species are typically found in isolated 

pockets or thinly scattered within a matrix of dense exotic annual grasses (D’Antonio et al., 

2007). These exotic dominated grasslands also tend to persist rather than convert back to 

perennial communities (D'Antonio and Vitousek 1992, Stromberg and Griffin 1996, 

Seabloom et al. 2003b), suggesting that active restoration will be required to reestablish 

native grassland communities. Restoring native perennial grasslands would help protect and 

conserve native species and promote biodiversity-based ecosystem services. For example, 

restoring native communities is predicted to increase carbon storage (Potthoff et al. 2005, 

Koteen et al. 2011), reduce the intensity and severity of wildfires (Levine et al. 2003), and 

help promote native pollinators (Black et al. 2009, Chaplin-Kramer et al. 2011).  

My dissertation seeks to improve restoration outcomes in California grasslands by 

exploring the mechanisms that influence the establishment and succession of native grassland 

species during restoration and how climate change is likely to interact with these 
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mechanisms. Within California, there are three geographically distinct grassland types. There 

are interior (or valley) grasslands that were likely dominated by annual forb species, coastal 

grasslands that were likely dominated by perennial grass species, and the coast range 

grasslands with a mixture of native annual forbs and perennial grasses (Jackson and 

Bartolome 2002). My research is primarily focused on coast-range grasslands in Central 

California. This is a fascinating area because it is unclear how the blend of life forms will 

shift in dominance as the climate changes. My dissertation also highlights the perennial grass 

Stipa pulchra (purple needle grass) because it was likely widespread in coast range 

grasslands and is one of the most targeted species in California grassland restoration.  

Perennial grasses have long been focused on in grassland restoration for two main reasons. 

First, because individuals can survive for hundreds of years (Hamilton et al. 2002) it is 

thought that perennial species are more persistent and stable through time than annual 

species. This could provide greater resistance to invasive species (Elton 1958, McCann 2000) 

and greater below ground C storage (Koteen et al. 2011). Second, perennial grasses form the 

structural basis for native grassland communities (Stromberg et al. 2007, Molinari and 

D'Antonio 2013). It is assumed that by restoring the structure, the restored community will 

be recolonized by other flora and fauna associated with grasslands but were not included in 

the initial restoration design (i.e., the field of dreams hypothesis Hilderbrand et al. 2005). Yet 

this assumption is largely unfounded, and simultaneous restoration of perennial grasses and 

forbs may be required to restore a fuller complement of native herbaceous lifeforms and 

diversity.  

My first chapter focuses on synthesizing past research on native plant restoration in 

California to understand better what constrains establishment success during restoration. 
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Research interest in native grassland ecosystems in California began in earnest in the 1920s 

after Clements (1920) first proposed that perennial bunchgrasses once dominated the vast 

annual grasslands of California. However, research on ways to restore invaded grasslands to 

native communities did not begin until the middle of the 1900s (Love 1944, Sampson et al. 

1951), with a dramatic rise in research beginning in the 1990s (Martin 2017). Despite the 

long history of research, however, the successful restoration of native grassland communities 

has remained elusive (Stromberg et al. 2007), in part because native plants introduced during 

restoration efforts often fail to establish (James et al. 2013). Despite a lot of research 

exploring native plant establishment during restoration (e.g., Bartolome 1979, Hobbs et al. 

1988, Rice 1989a, Hobbs and Mooney 1995, Orrock et al. 2008, Orrock and Witter 2010, 

Brandt and Seabloom 2012), there has been little synthetic work exploring if constraints to 

establishment are similar across California. In my first chapter, I used meta-analytical 

techniques to determine what restoration practices are most likely to enhance establishment 

restoration success in California. In addition to exploring native grasslands, I also included 

sage scrub ecosystems in my analysis to explore if there were general constraints faced by 

native California plants or constraints specific to grassland communities.  

My second chapter explores how the practice of local seed sourcing in restoration 

affects the establishment and growth of the once-dominant native bunchgrass, Stipa pulchra. 

Restoration has become very focused on preserving the local gene pool, with most guidelines 

suggesting the use of locally sourced plant material (SER 2004 , Herget et al. 2015). This is 

advocated because it is assumed that local populations will exhibit “home site advantage” 

(i.e., local populations outperform non-local populations), thus leading to greater 

establishment and restoration success. While this recommendation is broadly applied, there is 
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little research on if this practice is needed for specific species. To explore how different seed 

sourcing strategies affect the establishment and growth of S. pulchra, I established three 

common garden experiments distributed across a latitudinal gradient in California. I collected 

seeds from seven wild populations, planted seeds collected from each population at each 

common garden, and monitored their growth and reproduction for two years. My goal was to 

explore if Stipa pulchra consistently exhibited a “home site advantage” and if site 

characteristics, besides proximity to the restoration site, influenced where specific 

populations grow best. Understanding how seed sourcing affects the restoration of this 

species is critical for creating restored populations that can be resistant or resilient in the face 

of a changing climate.  

Third, research on S. pulchra has given little attention to how climate change will 

impact this species within intact grasslands and in grassland restoration. For grasslands, 

understanding how precipitation is likely to impact this ecosystem is essential because it is 

predicted to be the strongest driver of change in California grasslands (Dukes and Shaw 

2007a, Carter and Blair 2012). Changes in precipitation regimes could alter which species are 

the most successful in the future, so it is critical to understand how dominant species, such as 

S. pulchra, are likely to respond to different precipitation regimes. For this reason, my third 

chapter explored how future changes in precipitation might impact how I approach restoring 

S. pulchra. I am particularly interested in how S. pulchra responds to extreme drought and an 

extended growing season, which are predicted to become more common with climate change. 

While the focus on S. pulchra in California grassland restoration assumes that this species 

was historically dominant (Heady et al. 1977), the exact composition of pre-European 

grasslands is not known (Schiffman 2007). Indeed, while there is evidence that long-lived 
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perennial grasses were a dominant component of coastal and coast range grasslands 

(Bartolome et al. 1986, Heady et al. 1988, Hamilton 1997), they probably coexisted with a 

large diversity of native forbs and probably were not dominant in many valley (interior) 

grasslands which were considered to be forb dominated (Schiffman 2007). Yet, most 

restoration and research are focused on perennial bunchgrasses, and forbs are rarely 

incorporated in restoration efforts (Stromberg et al. 2007). After decades of focusing on 

perennial grasses, however, restoration efforts are rarely successful at restoring diverse 

grassland communities (Heady et al. 1977, Bartolome and Gemmill 1981, Murphy and 

Ehrlich 1989, Seabloom et al. 2003c). This suggests two things: (1) grassland restoration 

likely needs to incorporate a much wider diversity of species because the singular focus on 

perennial grasses does not lead to restored grassland communities with diverse native 

assemblage. (2), the historic focus on S. pulchra has resulted in an incomplete understanding 

of what limits regeneration of the other native grassland species. Increasing the diversity of 

species in grassland restoration not only promotes the restoration of a greater number of 

species but could also increase the resilience of these communities to future perturbations, 

such as drought and reinvasion by exotic annual grasses. For this reason, in my final chapter I 

explored how drought affects native forb establishment and persistence. Overall, the goal of 

my research program is to provide experimentally derived guidance to restoration 

practitioners that will help improve the establishment of native grassland communities today 

while maximizing the likelihood that these same communities are able to persist into the 

future.  
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II. Identifying Effective Restoration Approaches to Maximize Plant Establishment in 

California Grasslands and Sage Scrub Through a Meta-Analysis 

Abstract  

One reason restoration fails is a lack of native plant establishment. Establishment failure can 

occur due to a lack of dispersal into the site, inappropriate abiotic conditions for plant 

survival, or biotic interactions that reduce germination rates or seedling survival. 

Understanding what is limiting establishment is critical for restoration success. 

Unfortunately, there has been little synthetic work to identify which restoration practices 

(e.g., direct seeding, weeding, irrigation) are most likely to improve plant establishment. I 

used a meta-analytical approach to determine what practices would most likely enhance 

establishment success in California's grassland and sage scrub communities. I then explored 

the impact of these practices on whole communities and different functional groups (grass, 

forb, and shrub). Techniques were categorized by the constraint they addressed (dispersal, 

abiotic, or biotic) to determine which restoration practices are more likely to improve plant 

establishment. I found that addressing the dispersal filter in grassland and sage scrub 

communities is the best way to improve plant establishment regardless of the functional 

group. This suggests that most native plants targeted in restoration are seed-limited. While I 

was able to identify restoration techniques that improve plant establishment, my synthesis 

revealed an insufficient number of studies and a lack of uniformity between treatments that 

hampered efforts to make broad conclusions. By expanding research to more ecosystems and 

using standardized treatments within each ecosystem, the restoration community could 

synthesize research more efficiently, which would inform our ultimate goal of increasing 

restoration success.      
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Introduction 

 Wildlands have been widely converted for human use (Hoekstra et al. 2005, Corcoran 

2010), with land conversion predicted to contribute to the loss of an additional 9.1 million 

km2 of intact ecosystems by 2050 (Alkemade et al. 2009). The preservation of wildlands has 

thus become increasingly important. Ecological restoration, the process of assisting recovery 

in a degraded, damaged, or destroyed ecosystem (SER 2004 ), is recognized as one of the 

most direct ways humans can increase the extent of wildlands and restore functions to 

degraded ecosystems. Since its inception, ecological restoration has grown into a global, 

multibillion-dollar industry (Kimball et al. 2015), but assessments of effectiveness suggest 

that restoration projects rarely succeed as a whole (Benayas et al. 2009, Palmer et al. 2010). 

The extent of failure is, in part, due to the misalignment between the theoretical focus of 

restoration ecology and the challenges encountered in restoring ecosystems (Cabin 2007, 

Miller et al. 2017). Miller et al. (2017) identified five research areas that need additional 

scientific study to facilitate restoration success: 1) setting targets and planning for success, 2) 

sourcing biological material, 3) optimizing establishment, 4) promoting growth and survival, 

and 5) restoring resilience, sustainability, and landscape integration.  Our study focuses on 

plant establishment and understanding which restoration techniques are most likely to result 

in successful plant establishment.  

 Restoration often fails because plants do not establish (James et al. 2013). Plants can 

fail to grow for many reasons. These can be categorized into three broad filters: lack of 

dispersal (e.g., a lack of seeds being produced or arriving at a site), inappropriate abiotic 

conditions (e.g., site conditions that do not support germination and growth), and adverse 

biotic interactions (e.g., interactions with other species that limits seedling survival) (Funk et 
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al. 2008). Categorizing establishment failures using these filters allows us to synthesize 

information from many studies and evaluate whether removing one of the three filters (e.g., 

dispersal, abiotic, or biotic) is more likely to lead to plant establishment and successful 

restoration. In turn, this can help practitioners identify and focus on the specific factors most 

likely to improve plant establishment.  

 One of the most common ways to bypass a filter constraining establishment is by 

introducing propagules to a site. Plants can be added to a restoration site in one of three 

ways: 1) direct seeding, 2) transplanting of greenhouse-grown seedlings, or 3) promoting 

natural regeneration from the seed bank or dispersal into the site (Dorner 2007). These 

methods differ in their effort, financial cost, and success, making it unclear which way is 

most effective. Direct seeding is less costly and more time-efficient but has lower survival 

rates than transplanting (Palma and Laurance 2015). Natural regeneration is an attractive 

method because it should require the least effort and resources. However, its success relies on 

promoting dispersal into the site or the presence of a native seed bank, which can vary 

greatly depending on the ecosystem and site history (Bossuyt and Honnay 2008). There have 

been reviews comparing direct seeding and transplanting methods (e.g., Palma & Laurance 

2015) and reviews to assess if seed banks (natural regeneration) can be used to promote 

native plant recruitment (e.g., Bossuyt & Honnay 2008). However, to our knowledge, there 

has not been a direct comparison of the three different methods in restoration experiments. 

Comparing the effectiveness of all these methods can help practitioners decided whether 

transplanting would improve plant establishment or whether an alternative, less time, and 

resource-intensive approach can be successful.  
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 In addition to different establishment techniques, there are many restoration 

techniques that address each establishment method. Addressing the dispersal filter can be 

overcome by adding seeds or seedlings to a restoration site. Overcoming the biotic filter is 

more complicated, with numerous ways to minimize biotic interactions that negatively 

impact target native species. Invasion of exotic species into natural areas is a common 

problem in restoration (Allen et al. 2005), and there are many techniques to reduce the 

establishment and growth of these problematic species. Some of these techniques, such as 

applying herbicide (Cione et al. 2002, Cox and Allen 2008b, Kimball et al. 2014, Bell et al. 

2016) and hand weeding (Eliason and Allen 1997, Cione et al. 2002), are aimed at directly 

removing or killing exotic species. Other restoration techniques like mowing (Seabloom et al. 

2003a, Cox and Allen 2008b, Kimball et al. 2014), prescribed fire (Seabloom et al. 2003b, 

Young and Claassen 2008, Carlsen et al. 2017), thatch removal (Cox and Allen 2008b, 

Hulvey and Aigner 2014) and mulching around planted native seedlings (Holl et al. 2014) 

promote native species by reducing exotic species’ growth and reproduction. Native species 

can also be helped by giving them priority over alien species (Vaughn and Young 2015, 

Stuble et al. 2017b, Young et al. 2017) or excluding herbivores (DeSimone and Zedler 1999, 

Orrock et al. 2009). Lastly, abiotic constraints can be alleviated in several ways. The 

restoration site, for example, can be amended before planting by adding mycorrhizae 

(Aprahamian et al. 2016), nitrogen (Seabloom 2007), or carbon (Corbin and D'Antonio 

2004a) to the soil. Additionally, nurse plants can create preferable microclimates for 

seedlings (Pec and Carlton 2014a, Stahlheber and D'Antonio 2014). Categorizing restoration 

techniques based on the establishment challenge (e.g., reducing competition from exotic 

species) allowed us to compare the effectiveness between typical restoration approaches and 
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determine which restoration technique(s) had the most significant impact on increasing 

native plant establishment. 

 In this study, I focus on restoration projects in California because the state has a long 

history of restoration experiments in grassland and shrubland ecosystems. Research on 

California grasslands has been particularly fruitful, with ecological research on this 

ecosystem starting in the 1920s (Clements 1920) and research on restoration beginning in the 

1950s (Sampson et al. 1951). Within these two systems, I addressed three sets of questions 1) 

Which establishment filter (i.e., dispersal, abiotic, biotic) most commonly constrains 

plant establishment in the field? Does this differ between functional groups (i.e., grass, 

forb, shrub)? I classified studies by the filter they addressed based on what variables were 

manipulated during the experiment (Table 3.1). For example, studies that removed 

competitive effects from exotic species were classified as biotic (Buisson et al. 2006, Hulvey 

and Aigner 2014). Once the studies were organized, I analyzed the benefit gained when 

constraints from the different filters were removed to improve plant establishment. 2) Within 

each filter, how does the specific restoration technique used influence establishment 

success? I addressed this question to determine whether one method resulted in higher plant 

establishment success than other methods, even though they addressed the same filter. For 

example, when addressing abiotic constraints at a restoration site, does irrigation or reducing 

nitrogen levels lead to more significant plant establishment? By examining the most 

successful restoration techniques, I also determined the strongest constraint(s) to plant 

establishment within each filter. 3) How does plant establishment method (i.e., direct 

seeding, transplanting, natural regeneration) influence establishment success? Does this 

differ between functional groups? I addressed this question to determine which technique 
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(direct seeding, transplanting, or natural regeneration) was most effective at establishing 

plants in the field independent of filter type.  

Methods 

Study Region and Ecosystems 

 California grassland and sage scrub ecosystems both occur within a Mediterranean 

climate. This climate has cool, wet winters and hot, dry summers with considerable variation 

in the amount and timing of precipitation within and between years. Of the two ecosystems, 

grasslands, including oak woodlands and savannas, are more widespread, with total potential 

vegetation covering approximately 17% of the state (Jantz et al. 2007). By contrast, sage 

scrub communities, comprised of facultatively drought-deciduous shrubs that are 0.5-2 m in 

height (Westman 1981), are more geographically restricted, with total potential vegetation 

covering approximately 1.55% of the state (Fenn et al. 2010). Over the last century, both 

grasslands and sage scrub have been heavily degraded by anthropogenic disturbances and are 

often targeted for conservation and restoration activities, albeit for different reasons. While 

the extent of grasslands throughout California has changed little over the last century, 

grasslands are often targeted for restoration because there has been an extensive change in 

their spatial distribution and composition (Huenneke 1989). Today, most grasslands in 

California are dominated by exotic annual grasses (Huenneke 1989). Once widespread native 

forbs and grasses are typically thinly scattered within a matrix of dense exotic annual grasses 

(Schiffman 2007, Stromberg et al. 2007). Sage scrub communities have undergone a much 

more dramatic decline in extent, with the current distribution of sage scrub estimated to be 

30% of its former size (Cleland et al. 2016). The extensive habitat loss, along with many rare, 

threatened, and endangered species associated with sage scrub, make this ecosystem a 
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frequent target for conservation and restoration (Bowler 2000). Grassland restoration is 

primarily focused on restoring perennial bunchgrasses, while sage scrub restoration tends to 

be focused on restoring perennial shrub species. Annual and perennial forbs are also restored 

in both ecosystems, filling in the interstitial spaces between bunch grasses and shrubs as sub-

dominant community members. In my analysis, I explored how the different filters, 

restoration techniques, and establishment methods impacted plant establishment because the 

groups differ in their life history and may respond differently to a given technique. 

Data search and criteria 

 To locate papers for our study, I searched the ISI Web of Knowledge and Google 

Scholar for articles published between 1990 and 2019. I chose this range because, while 

ecological restoration has existed for many decades, the 1990s saw a dramatic increase in 

interest and publication in ecological restoration (Martin 2017) that has persisted to the 

present (Mijangos et al. 2015). Our initial subject keywords used were “California,” 

“restoration,” and “establishment.” Additional studies were located from the references of 

these initial papers. Studies were included in this analysis if they met the following criteria: 

(1) were performed in California, (2) were conducted in either grassland or sage scrub 

habitat, (3) were performed in a field setting, (4) focused on seedling establishment – either 

through manipulating natural recruitment or direct seeding propagules or planting seedlings 

and (5) included a clear control treatment for comparison.  

Data Analysis 

 Fifty-three studies that met the above criteria were included in this meta-analysis to 

determine the effect size of different techniques on the establishment success of plant 

functional groups in grassland and sage scrub communities (Table S1). I limited our analysis 
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to functional groups (i.e., grass, forb, shrub) because there were 123 species included across 

all the restoration experiments resulting in insufficient replication for any one species (Table 

S2). Hedges’ g was used to calculate the effect size with the following equation: 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠′𝑠𝑠 𝐻𝐻 =
𝑀𝑀1 −  𝑀𝑀2

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

Where M1(treatment) -M2 (control) equals the difference in means, and SDpooled is the pooled 

and weighted standard deviation. After calculating Hedges’ g for each effect size, I corrected 

the effect size for bias introduced by studies with small sample sizes (Fernandez‐Duque & 

Valeggia 1994). This calculation was done with the following equation:  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐻𝐻𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻 = �1 − �
3

4𝑚𝑚 − 1
�� 𝑥𝑥 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻′𝑠𝑠 𝐻𝐻 

where m = (Nr + Nc – 2) with Nr and Nc being the sample size for the treatment and control, 

respectively.  

 The 53 studies took place between 1989 and 2016 in sixteen different California 

counties covering a gradient from 32.8 to 39.1°N latitude and 116.5 to 123.1°W longitude 

(Fig S1). I extracted information on where the study took place, the focal organisms, and how 

the native plants were established from each study. This included (1) the site location, (2) the 

functional group of the target species, (3) the introduction method – how propagules were 

added to the site (i.e., direct seeding, transplanting, natural regeneration), (4) the 

establishment problem being addressed by the study, and (5) the specific 

establishment/restoration technique being used to solve the stated problem (e.g., distance 

from native patch/individual, presence of herbivores, irrigation). I then classified each study 

by the establishment filter addressed (i.e., abiotic, biotic, and dispersal; Table 1.1). I also 

extracted the mean establishment success for control and treatment plots by year, the 
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standard deviation around the mean, and the sample size. Establishment success was 

measured in various ways across the studies, including emergence percent, percent cover, 

density metrics, percent survival/mortality, above-ground biomass, number of individuals, 

germination percentage, and species richness. I chose Hedges’ g as a way to standardize the 

effect size between the studies. When studies occurred over multiple years, I estimated a 

single effect size per study by taking the average mean and standard deviation. Calculating 

one value per study was a conservative estimate of the overall trend in plant establishment 

across all the years. I did this because the inter-annual variability in weather, inherent in 

California’s Mediterranean climate, can also influence establishment rates irrespective of the 

experimental treatment. Averaging the years together removes the chance that the 

establishment seen during the final year of a study is due more to the weather than the 

treatment.  When a study was conducted in multiple locations, I considered each study site as 

an independent point.  

 I performed the meta-analysis using the metafor (Viechtbauer 2010) package in R (R 

v. 3.5.1, R Core Team, Vienna, Austria). Random effects models were used since the studies 

took place across California, and the variability in location and year-to-year site conditions 

could be impacting the effect size, which violates the assumption for the fixed-effects model. 

The significance of a treatment was determined by the calculated effect size and the 95% 

confidence interval about the effect size. If the lower bound of the confidence interval was 

greater than zero, there was a positive effect compared to the control and, if the upper bound 

was less than zero, there was a negative effect. A treatment had “no effect” if any part of the 

confidence interval overlapped with zero. Treatments were considered to be significantly 

different from each other if their confidence intervals did not overlap. The amount of 
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unexplained heterogeneity in our analyses was quantified by conducting both an I2 and a Q 

test, as they are complementary tests in understanding the extent of heterogeneity (Huedo-

Medina et al. 2006). Unfortunately, I could not determine the source of heterogeneity due to 

a large number of variables and a lack of analytical power, a product of a low sample size. 

Categorical variables used in this analysis included: establishment filter (dispersal, biotic, 

abiotic), restoration technique (site conditions, climate, reducing exotic competition, 

reducing native competition, caging and priority), ecosystem type (grassland or sage 

scrub), functional group (grass, forb, shrub), and introduction method (direct seeding, 

transplanting, natural regeneration).  

 Publication bias was analyzed using Spearman’s rank-order correlation between each 

study’s effect size and its standard error and visually evaluating funnel plots. For grasslands 

(Rs= 0.416, p<0.0001) and sage scrub (Rs= 0.341, p=0.0002), the relationship was 

significant, suggesting publication bias may be influencing our effect sizes. The majority of 

our studies are in the upper half of our funnel plots, indicating that they are studies with a 

low standard error and likely higher statistical significance (Fig S2).  This suggests that 

publication bias is likely due to an underreporting of non-significant studies. To account for 

this, I calculated Rosenthal’s fail-safe number (Rosenthal 1979) to determine the number of 

additional non-significant data points needed to change the results from significant to non-

significant. The suggested threshold for this value is 5k+10, with k being the number of 

studies included in the analysis. For grasslands (n=280), the Rosenthal fail-safe number was 

53,637, suggesting that our results are robust to this publication bias. Similarly, the Rosenthal 

fail-safe number for sage scrub (n=115) was 4,468, also indicating robust results in the face 

of publication bias.  
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Results 

1) Which establishment filter (i.e., dispersal, abiotic, biotic) most commonly constrains 

plant establishment in the field? Does this differ between functional groups (i.e., grass, 

forb, shrub)? 

Grasslands  

 Within grassland restoration studies, modifying any of the three establishment filters 

to remove their constraints led to successful plant establishment (Fig 1.1 A). When the biotic 

or dispersal filters were changed, plant establishment increased, with modification of the 

dispersal filter having significantly higher establishment success than modifying the biotic 

filter. Forb and grass functional groups responded differently to the different filters (Fig 1.1 

B). Altering any of the three filters increased forb establishment, with the abiotic filter having 

the largest effect on establishment success followed by dispersal and biotic filters. In 

contrast, only modifying the biotic or dispersal filters led to higher grass establishment. 

Analyzing restoration success within grasslands by the establishment filter left a significant 

amount of unexplained heterogeneity (I2= 89.06%). There was also a significant degree of 

unexplained heterogeneity within the forb (I2= 68.33%) and grass (I2=91.26%) groupings. 

Using the establishment filter as a moderator significantly reduced heterogeneity for 

grasslands (Qm= 95.7615, p<0.0001) as well as within the forb (Qm= 53.3289, p<0.0001) and 

grass (Qm=68.7554, p<0.0001) groups. 

 

Sage Scrub  

 In sage scrub, however, only modifying the biotic and dispersal filters increased plant 

establishment (Fig 1.2A). Targeting the biotic or dispersal filter led to higher plant 
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establishment, whereas treatments that targeted the abiotic filter negatively impacted plant 

establishment. Forbs and shrubs had similar responses to the different establishment filters 

(Fig 1.2B). Modifying the biotic filter enhanced both forb and shrub establishment. On the 

other hand, modifying the abiotic filter did not affect forb establishment and only had a small 

negative effect on shrub establishment. There were no studies on forb establishment that 

modified the dispersal filter. Shrub establishment was increased when the dispersal filter was 

targeted. Analyzing restoration success within sage scrub by the establishment filter left a 

large degree of unexplained heterogeneity (I2= 72.66%). There was also a large degree of 

unexplained heterogeneity within the forb (I2= 74.60%) and shrub (I2=73.43%) functional 

groups. Using establishment filter as a moderator significantly reduced heterogeneity for sage 

scrub (Qm= 97.3802, p<0.0001) as well as within the forb (Qm= 16.1146, p=0.0003) and shrub 

(Qm=78.8738, p<0.0001) functional group.  

2) Within each filter, how does the specific restoration technique used influence 

restoration success? 

Grasslands 

 Within each establishment filter, there were significant differences between different 

restoration techniques (Fig 1.3A; Qm= 5.8945, p=0.0525 and Qm= 55.4581, p<0.0001; for the 

abiotic and biotic filters, respectively). I did not assess the dispersal filter because almost all 

the studies addressed the dispersal filter by adding seeds, with only one study that 

manipulated species diversity within the applied seed mix. Within the abiotic filter, 

addressing site conditions (e.g., reducing nitrogen or adding Mycorrhizae) increased plant 

establishment, whereas there was no effect of addressing climate challenges (e.g., irrigation 

or using nurse plants). Within the biotic filter, removing exotic species led to an increase in 
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plant establishment. On the other hand, reducing competition from native plants and caging 

to reduce herbivory and seed predation did not affect plant establishment. I could not 

compare how specific restoration techniques impacted the different functional groups 

because there were not enough studies in each category for each functional group. 

Sage Scrub 

 There were differences between the restoration techniques within the abiotic filter 

(Fig 1.3B; Qm= 9.1991, p=0.0525) but not within the biotic filter (Qm=56.9255, p <0.0001).  

Modifying climatic variables after planting (e.g., irrigating) within the abiotic filter led to 

reduced plant establishment, whereas addressing site conditions had no effect. All restoration 

techniques within the biotic filter increased plant establishment. 

3) How does establishment method (i.e., direct seeding, transplanting, natural 

regeneration) influence establishment success? Does this differ between groups? 

Grasslands 

 Between the three establishment methods, only direct seeding and transplanting 

increased plant establishment (Fig 1.4A). When analyzed by the functional group (Fig 1.4B), 

native forb establishment was higher with direct seeding than transplanting or natural 

regeneration (both had no effect). Native grasses benefited from both direct seeding and 

transplanting, while natural regeneration had a non-significant effect. It is important to note 

the wide variation in sample sizes between the three establishment methods. In particular, 

many fewer studies focused on stimulating the seed bank, which likely contributed to the 

relatively large variance for this establishment method. Additional studies on seed banks in 

grasslands could easily make the effect size of stimulating the seed bank positive and an 

effective restoration method. Analyzing restoration success in grasslands by establishment 
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method left a large degree of unexplained heterogeneity (I2 = 89.27% in the ecosystem, I2 = 

76.43% within forbs, and I2 = 91.61% within grasses). Despite this large degree of 

unexplained heterogeneity, using establishment method as a moderator significantly reduced 

heterogeneity for grasslands as a whole (Qm= 85.1953, p<0.0001) as well as within the forb 

(Qm= 29.1002, p<0.0001) and grass (Qm= 58.8617, p<0.0001) functional group.  

Sage Scrub 

 The most successful establishment methods in sage scrub studies (Fig 1.5A) were 

direct seeding and natural regeneration. Transplanting was not an effective establishment 

method. However, the patterns I found are likely driven by the relatively low number of 

studies that have either stimulated the seed bank or transplanted individuals. Additional 

studies that utilize these methods are needed to fully understand how the three establishment 

methods differ in sage scrub restoration. I also found that establishment methods differed by 

plant functional group (Fig 1.5B). Again, the unequal representation of the three 

establishment methods across the different functional groups likely impacted our results. For 

example, direct seeding was used to establish shrubs and forbs, but transplanting was only 

used for shrubs (not forbs), and natural regeneration was only used for forbs (not shrubs). 

That being said, I found that shrubs were successfully established following direct seeding 

but not following transplanting. Forbs successfully established following both natural 

regeneration and direct seeding, with natural regeneration being more effective than direct 

seeding. Analyzing restoration success in sage scrub by establishment method alone left a 

large degree of unexplained heterogeneity (I2 = 83.40% across both functional groups, I2 = 

68.78% within forbs, and I2 = 85.41% within shrubs). Despite this, using establishment 

method as a moderator significantly reduced heterogeneity for shrublands as a whole (Qm= 
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28.2726, p<0.0001) and within forb (Qm= 22.0821, p<0.0001), and shrub (Qm= 14.2631, 

p=0.0008) groupings.  

Discussion 

The most effective restoration technique: dispersal via direct seeding 

 Across restoration experiments in both grassland and sage scrub communities, 

removing the dispersal constraint by adding propagules to a site was the single best way to 

improve plant establishment. Directly adding propagules to a site through direct seeding 

almost always led to higher plant establishment than attempts to stimulate germination from 

the native seed bank through natural regeneration in grasslands and sage scrub. The lack of 

native grasses and shrubs germinating from natural regeneration is not surprising as perennial 

species are particularly susceptible to depletion of their seed bank after anthropogenic events 

such as wildfires (Cox and Allen 2008a). Since both sage scrub and grassland ecosystem 

restoration is focused on reintroducing perennial species, this could explain why these native 

plant communities rarely recover on their own after the cessation of anthropogenic activities 

(Stromberg and Griffin 1996, Merenlender et al. 2001, Cox and Allen 2008a). The 

widespread positive impact of direct seeding across all functional groups is, at first glance, in 

contrast to studies in grasslands (e.g., Dyer et al. 1996, Stromberg and Kephart 1996) and 

sage scrub (e.g., Cione et al. 2002, Cox and Allen 2008b). Upon closer inspection, however, 

these studies often cite competition from exotic species as the reason for poor establishment 

(Stromberg and Kephart 1996, Cione et al. 2002, Cox and Allen 2008b) and are therefore 

confounding the effect of adding seeds and the effect of exotic species on plant 

establishment. This is in contrast to the data used to calculate the effect size for the dispersal 

filter, which only looked at the effect of adding propagules (i.e., no exotic species present). 
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Overall, this suggests that adding seeds to a site will improve the establishment of native 

species, but if there is intense competition from exotic species, weeding will also be required. 

These studies are actually in line with the positive impact of the biotic filter in our study and 

the widespread assumption that exotic species compete vigorously with and suppress native 

species (Levine et al. 2003)(Levine et al. 2003) and have led to widespread species declines 

and habitat degradation (D'Antonio and Meyerson 2002).  

Native plants are seed limited in restoration sites 

 The increased establishment when manipulating the dispersal filter also suggests that 

most native plant species targeted in restoration are limited by seed availability. In general, 

plant establishment is thought to be driven by one of two processes: seed limitation or 

establishment limitation. Seed limitation is when seed production or dispersal into the site 

limits population growth. In contrast, establishment limitation is the loss of seed at a site due 

to granviory, desiccation, or suitable establishment sites limit population growth (Clark et al. 

1998). Our results are in line with previous literature syntheses and meta-analyses on seed 

addition studies. These studies have found that seed limitation is common among plant 

species (Turnbull et al. 2000, Clark et al. 2007), particularly in early successional habitats or 

species (Turnbull et al. 2000) like those found in restoration settings. Despite the widespread 

presence of seed limitation, some have argued that establishment limitation has a more 

substantial impact on plant population growth due to factors such as seed herbivory and 

abiotic or biotic factors that affect seedling survival (Clark et al. 2007).  However, the 

significant positive effect of adding seeds to the site, compared to the effects of reducing 

herbivory (caging) and manipulating site conditions, suggests that the populations are more 

seed limited than seed limited establishment limited in restoration settings.  
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Seed banks are influenced by site history 

 While there are many similarities between grassland and sage scrub communities, our 

results also highlight important differences that affect which restoration techniques are the 

most effective. In particular, the difficulty in stimulating natural regeneration of forbs in 

grasslands, as opposed to forbs in sage scrub, suggests grassland restoration sites are less 

likely to have an intact native forb seed bank. This is supported by previous studies on seed 

banks in both sage scrub and grassland ecosystems. For example, a study on seed banks in a 

sage scrub community found that forbs were generally present in the seed bank regardless of 

whether the site was dominated by exotic grasses or shrubs (Cox and Allen 2008a).  This is 

in contrast to a survey of seed banks in exotic annual grasslands, the habitat most targeted in 

grassland restoration efforts, which showed no presence of native forb species (Rice 1989b).  

One explanation for the absence of a seed bank in most grassland restoration sites, as 

opposed to sage scrub sites, could be due to differences in site history and knowledge about 

where historic plant communities existed. In particular, there is considerable uncertainty on 

where native grasslands in California were historically distributed, making it difficult to 

know the historical plant community at a site. Currently, most grassland restoration projects 

take place in exotic annual grasslands, with the assumption that native grasslands used to 

exist at the site. This is despite little evidence to support this notion. A recent study found 

that most regions currently dominated by exotic annual grasses were not historically native 

perennial grasslands (Evett and Bartolome 2013), suggesting this assumption is unfounded. 

On the other hand, the historical distribution of sage scrub is better known (Cleland et al. 

2016), leading to less uncertainty about whether sage scrub was historically present at a 

restoration site. Overall, this suggests that the differences in the effectiveness of efforts to 
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stimulate the native seed bank likely have less to do with inherent differences between the 

two ecosystems than with differences in site histories. Understanding the history of a site and 

what native community was historically there can help practitioners determine if natural 

regeneration of the native seed bank would be a useful tool. 

Irrigation does not always promote plant establishment 

 Another surprising result from our study was the limited impact of watering on plant 

establishment (i.e., climate manipulation in the abiotic filter).  First, it is essential to note that 

I could only find a few studies that manipulated water availability (5 studies in total, with 

two grassland studies, two sage scrub studies, and one study that looked at both grasslands 

and sage scrub). However, even taking the small sample size into account, there was no 

apparent benefit of watering. Initially, I hypothesized that this was due to the large variability 

in the amount of annual precipitation in California. For this reason, I was expecting to find a 

benefit of watering only in dry years, which would not be immediately apparent if averaged 

with studies performed during wet years. Ultimately, however, I did not find this pattern. 

There were positive effects of watering in some of the wet years (Wainwright et al. 2012, 

Young et al. 2015b) and adverse effects of watering during a dry year (Padgett et al. 2000). 

One potential explanation for this could be that the timing and not the amount of watering 

drives plant establishment. It is possible that having water available immediately after 

planting or seeding is critical for plant establishment. This effect, however, was not directly 

studied or controlled for in the field experiments. I recommend additional studies exploring 

how irrigation timing impacts plant establishment to fully understand the impact of irrigation 

techniques in restoration projects. 

Differential response to abiotic treatments across functional groups 
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 Another interesting result from our study was the difference in how forbs and grasses 

responded to abiotic treatments in grasslands. While removing abiotic constraints improved 

forb establishment, there was no effect on grasses. I hypothesize that this is most likely due 

to differences in life-history strategies. A vast majority (about 3 to 1) of the forb species 

included in this study were annuals, whereas all but one grass species were perennial. I 

hypothesize, therefore, that the differences between forbs and grasses are likely due to how 

annual and perennial plants respond to abiotic constraints. Due to their shorter lifespan, 

annual plants are generally faster growing and thus more responsive to changes in the abiotic 

environment (McConnaughay and Coleman 1999, Luzuriaga et al. 2012). In turn, this life 

history strategy makes annual plant establishment more sensitive to stressful abiotic 

environments. This is in contrast to perennial species. For example, perennial bunchgrasses 

in California grasslands are slower-growing and tend to display stress-tolerant traits that 

make them less susceptible to abiotic constraints to establishment (Abraham et al. 2008, 

Vaughn et al. 2011, Fernandez-Going et al. 2012, Fitch et al. 2019). This suggests that 

ensuring proper abiotic conditions for germination and early establishment is more critical 

for annual plants. I suggest that practitioners prioritize modifying abiotic conditions (e.g., 

adding soil amendments) in projects or areas where annual plants are being restored to 

maximize the effectiveness of these techniques.  

Limitations of this study 

 One important caveat to our study is that it is focused on the initial establishment of 

native plants during restoration, not the long-term persistence of the native populations, and 

ultimately the success of the restoration projects. While I found that adding propagules to the 

site is the single most effective way to enhance plant establishment, there are likely 
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additional factors and restoration practices that will help with long-term persistence and 

success. Unfortunately, few restoration studies have explored which factors impact the long-

term persistence of restored native plant populations. What few long-term studies exist, have 

been conducted in grassland ecosystems. Almost all sage scrub studies occur over timescales 

much shorter than the life history of the sage scrub plants (Bowler 2000). The long-term 

grassland studies suggest that controlling exotic species is likely to become increasingly 

important for maintaining native species dominance (Seabloom et al. 2003a, Carlsen et al. 

2017). For example, a long-term study of grasslands near Davis, CA, found that reducing 

invasive species biomass is vital for increasing the cover of native species and restoration 

success 11 years after restoration efforts (Gornish and dos Santos 2016). This suggests that 

restoration practices aimed at reducing exotic abundance are likely to become more critical in 

restoration over time. However, there is a need for more long-term studies in grasslands and 

sage scrub communities to assess what factors best predict long-term success.       

Another limitation of my study is the unequal distribution of studies between the different 

categories throughout the analysis. I could not compare the impact of different restoration 

techniques within each filter for different functional groups because there was not enough 

replication for each technique. There were also many fewer studies that explored 

transplanting and natural regeneration than direct seeding. Additional studies could easily 

alter the patterns I found, particularly in examining which establishment method was best in 

sage scrub communities.  

Future Research Directions 

 While I was able to identify some common restoration techniques that are more likely 

to lead to successful plant establishment, our synthesis also highlighted several challenges 
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inherent in the scientific literature. These challenges hamper efforts to make broad 

recommendations for restoration prescriptions. First, my study found that most restoration 

studies occur in grasslands and explore how biotic interactions (such as competition from 

weeds) affect plant establishment. My analysis suggests more studies are needed to explore 

dispersal and abiotic constraints impacting plant establishment in grassland and sage scrub 

ecosystems. This lack of information extends outside of grassland and sage scrub ecosystems 

as well. For example, I only found four studies on forested ecosystems, one on desert 

ecosystems, one on coastal dunes, one on riparian ecosystems, and one on estuaries. 

Therefore, another recommendation I can make is to expand restoration experiments to 

ecosystems outside of grassland and sage scrub communities. Second, I recommend that 

future experiments are designed with replicability in mind and conduct restoration treatments 

in a more standardized way. Initially, I had hoped to identify the best way to implement a 

restoration technique (i.e., what is the best way to remove exotic species), but, ultimately, I 

was unable to due to the variation in how different restoration techniques were implemented. 

For my analysis, this meant I had to group studies by restoration technique despite 

differences in the way techniques were implemented. For example, treatments that 

incorporated prescribed fire ranged from repeated late-spring burns (Gillespie and Allen 

2004, Carlsen et al. 2017)(Gillespie & Allen 2004; Carlsen et al. 2017) to one-time burns 

before seeding (Seabloom et al. 2003a, Seabloom et al. 2003b, Young and Claassen 2008) to 

one-time burns after direct seeding (Seabloom 2007, Young et al. 2015a).  Overall, this 

meant that while I could identify general trends in restoration techniques, I cannot provide 

fine-scale recommendations for practitioners. 
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 The wide variation in strategies within each restoration technique exposed a lack of 

standardized protocols for restoration techniques, which is a broader problem in ecological 

restoration. While most practitioners use conventional methods considered “best practice” 

(Nilsson et al. 2016), there are few standardized protocols for restoration practices. Ideally, 

these standardized protocols would provide a comprehensive list of restoration techniques 

and strategies and help practitioners to identify the best strategy in any given restoration 

situation. These standardized protocols are what I ultimately need to enhance the ability of 

practitioners to identify the best way to implement standard restoration practices.   
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Figures and Tables 

Table 1.1 A list of all establishment technique categories and establishment technique details included in the meta-analysis 

Establishment 
Filter 

Establishment 
Technique Ecosystem Studies that used each technique  

Dispersal 
 

Increasing 
Species 

Diversity 

Sage scrub - 

Grassland (Bugg et al. 1997 )  

Adding Seeds or 
Seedlings  

Sage scrub (Cione et al 2002 ), (Kimball et al 2014 ), (Talluto  et al l 2006 
), (Tamura et al 2017 ) 

Grassland 
 

 (Hamilton et al. 1999 ), (Hayes and Holl  2011), (Hulvey and 
Aigner  2014), (Lulow  2006), (Marushia  and Allen 2011), 
(Moyes et al. 2005), (Orrock et al. 2009), (Seabloom et al. 

2003), (Sweet and Holt 2015), (Thomson et al. 2016), (Werner 
et al. 2016) 

Biotic 

Reducing Exotic 
Competition 

  

Sage scrub 
(Bell  et al 2016), (Cione  et al 2002), (Cox and Allen  2008), 
(Cox  and Allen 2011), (Eliason  and Allen 1997), (Kimball et 

al 2014), (Talluto  et al 2006) 

Grassland 

(Allen et al. 2005), (Alpert and Maron 2000), (Brown  and 
Rice 2000), (Buisson et al. 2006), (Buisson et al. 2008), 

(Carlsen et al. 2000), (Corbin and D’Antonio 2004), (Gillespie  
and Allen 2004), (Gillespie  and Allen 2008), (Hamilton et al. 
1999), (Holl et al. 2014), (Hulvey  and Aigner 2014), (Lulow 

et al. 2007), (Marushia and Allen 2011), (Meyer  and 
Schiffman 1999), (Moyes et al. 2005), (Reynolds et al. 2001), 

(Seabloom et al. 2003), (Seabloom 2007), (Young and 
Claassen 2008) 

Reducing Exotic 
Competition 

(prescribed fire) 

Sage scrub - 

Grassland 

(Carlsen  et al 2017), (Gillespie  and Allen 2004), (Meyer  and 
Schiffman 1999), (Moyes et al 2005), (Seabloom  et al 2003), 

(Seabloom  et al 2003b), (Seabloom 2007), (Young  et al 
2015), (Young and Claassen 2008) 

Reducing Native 
Competition 

Sage scrub (Marquez  and Allen 1996) 

Grassland 
(Brown and Bugg 2001), (Dyer et al. 1996), (Lulow  2006), 
(Porensky et al. 2012), (Sweet  and Holt 2015), (Young et al. 

2015) 

Excluding 
Herbivores  

Sage scrub (DeSimone  and Zedler 1999) 

Grassland (Gurney  et al 2015), (Orrock  et al 2009), (Seabloom et al 
2003b) 

Giving Native 
Species Priority 

over Exotic 
Species 

Sage scrub - 

Grassland (Stuble et al. 2017), (Vaughn  and Truman 2015), (Werner et 
al. 2016), (Young et al. 2015b), (Young et al. 2017) 

 
Abiotic 

Manipulating 
Site Conditions 
before planting 

Sage scrub (Aprahamian et al. 2016), (DeSimone  and Zedler 1999), (Pec 
and Carlton 2014) 

Grassland 

(Alpert  and Maron 2000), (Bugg et al. 1997), (Corbin  and 
D’Antonio 2004), (Dyer et al. 1996), (Gurney et al. 2015), 

(Seabloom et al. 2003b), (Seabloom et al. 2007), (Stahlheber  
and D’Antonio 2014) 

Manipulating 
Climate 
variables 

Sage scrub (DeSimone and Zedler 1999), (Padgett  et al 2000), 
(Wainwright et al 2012) 

Grassland (Hamilton et al. 1999), (Young et al. 2015b) 
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Fig 1.1: Estimated effect sizes for the three different establishment filters (dispersal, biotic, and 
abiotic) across all plants established grassland restoration (A) and separated functional groups (B). The 

effect size measures the impact of removing either dispersal, abiotic or biotic constraints compared to 
doing nothing. Error bars indicate the 95% confidence intervals. Confidence intervals not crossing zero 

are considered significant. 
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Fig 1.2: Estimated effect sizes for the three different establishment filters (dispersal, biotic, and abiotic) 
across all plants established sage scrub restoration (A) and separated into shrub and forb functional groups 

(B). The effect size measures the impact of removing either dispersal, abiotic or biotic constraints compared to 
doing nothing. Error bars indicate the 95% confidence intervals. Confidence intervals not crossing zero are 

considered significant. 
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Fig 1.3: Estimated effect sizes for different techniques used to address the abiotic, biotic, and dispersal 
filters within grasslands (A) and sage scrub (B) ecosystems. The different restoration techniques are separated 
into the following categories: manipulating site conditions prior to planting (Site Conditions), watering after 

planting (Climate), reducing competitive effects of exotic species (Reduce Exotic Competition), reducing 
competitive effects of native species (Reduce Native Competition), giving native species priority over exotic 

species (Priority), and preventing herbivory (Cage). The effect size measures the impact of doing a restoration 
practice compared to doing nothing. Error bars indicate the 95% confidence intervals. Confidence intervals 

not crossing zero are considered significant. 
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Fig 1.4: Estimated effect sizes for three different establishment mechanism (transplanting, natural 
regeneration, and direct seeding) across all plants in grassland restoration (A) and separated into forb and 
grass functional groups (B). The effect size measures the impact of doing a restoration practice compared to 
doing nothing. Error bars indicate the 95% confidence intervals. Confidence intervals not crossing zero are 

considered significant. 
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Fig 1.5: Estimated effect sizes for three different establishment mechanism (transplanting, natural 
regeneration, and direct seeding) across all plants in sage scrub restoration (A) and separated into forb and 
grass functional groups (B). The effect size measures the impact of doing a restoration practice compared to 
doing nothing. Error bars indicate the 95% confidence intervals. Confidence intervals not crossing zero are 

considered significant. 
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 III. Rethinking local seed sourcing for restored Stipa pulchra populations 

Abstract 

 Restricting seed collecting to local populations is a common practice in restoration 

because it is assumed that most plants are adapted to local environmental conditions. There 

is, however, still considerable debate about whether local seed collection should be the 

default seed sourcing strategy as the effects of climate change are increasingly considered in 

restoration planning. This has led to a growing call for a more nuanced approach to seed 

sourcing that explores and compares alternative seed sourcing strategies for individual 

species. It is essential to explore whether local seed sourcing is necessary for dominant 

species often used in restoration, such as the native perennial grass Stipa pulchra because the 

success of these projects often rests on these species. Stipa pulchra is commonly used in 

grassland restoration projects in California and is extant across a wide geographic range. To 

explore how different seed sourcing strategies affect the establishment and growth of S. 

pulchra, I established three common garden experiments distributed across a latitudinal 

gradient in California. I collected seeds from seven wild populations, planted seeds collected 

from each population at each common garden, and monitored their growth and reproduction 

for two years. I found limited evidence that restricting seed sourcing to local populations of 

S. pulchra resulted in higher performance than using seeds from more distant populations. 

Instead, I found evidence to support an admixture seed sourcing approach to increase 

resiliency to environmental variation. Our experiment highlights the importance of studying 

local adaptation in key restoration species and creating tailored seed sourcing guidelines for 

key species to improve the change of long-term restoration success. 
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Introduction 

The success of most habitat restoration efforts depends on access to high-quality seed 

to ensure plant establishment and long-term persistence. In restoration, “high quality” seed is 

often interpreted to mean “local” seeds (those collected near the restoration site), and the use 

of such seeds is widely advocated based on the assumption that local populations are adapted 

to local environmental conditions (Broadhurst et al. 2008). Local adaptation arises over time 

as natural selection selects for genotypes that perform best in a given environment in 

response to local environmental conditions. In the absence of gene flow (the immigration of 

seeds or pollen from populations adapted to different conditions) or genetic drift, this process 

results in resident populations that exhibit a “homesite advantage,” whereby locally adapted 

genotypes perform better than those sampled from populations adapted to distinct conditions 

(Kawecki and Ebert 2004, Savolainen et al. 2013, Hodgins and Moore 2016).  

The practice of using local seeds (“local is best”) has become common in restoration 

(SER 2004, Herget et al. 2015) because there is evidence that suggests local adaptation is 

present in many species (Linhart and Grant 1996, Gordon and Rice 1998, Joshi et al. 2001, 

Leimu and Fischer 2008, Hereford 2009, Beierkuhnlein et al. 2011). For example, a meta-

analysis of local adaptation in 32 species (with 1032 pairwise comparisons between local and 

non-local populations) found that local populations outperformed foreign populations in 71% 

of pairwise comparisons (Leimu and Fischer 2008). However, local adaptation has still not 

been confirmed for most species because it is time and labor-intensive to detect it (McKay et 

al. 2005, Havens et al. 2015). Nonetheless, many advocates of this approach argue for using 

local seeds because it is assumed that using non-local plant material risks the introduction of 

poorly adapted genotypes, accelerating the loss of well-adapted local genotypes, and 
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increasing the chance of local extirpation (Belnap 1995, Lesica and Allendorf 1999, Ackerly 

et al. 2000, Sackville Hamilton 2001, Wilkinson 2001, Hufford and Mazer 2003, Carter and 

Blair 2013). In practice, however, it is difficult to define what “local” means for a given 

species even when local adaptation has been unambiguously detected in one or more of its 

populations.  

In general, practitioners use two methods to source seeds to increase the chance that 

material will perform well at restoration sites. First, seeds, seedlings, or tillers may be 

collected from extant populations near the restoration site to increase the odds that genotypes 

used in restoration efforts will be adapted to local abiotic and biotic conditions. Second, 

seeds may be collected from habitats that are climatically or ecologically similar to the 

restoration site, regardless of their distance from the restoration site (McKay et al. 2005, 

Havens et al. 2015). Of the two methods, sourcing material from close to the restoration site 

is more common, but there are significant problems associated with this approach. First, there 

are no clear guidelines regarding how close a population has to be considered “local.” This 

has resulted in practitioners having widely different interpretations concerning how far to 

source seeds for specific projects (Havens et al. 2015). Second, it is not clear that distance is 

useful for determining whether a population will be locally adapted. A meta-analysis found 

that the distance between two sites was a poor predictor of whether plant material sampled 

from one site will perform well in another (Leimu and Fischer 2008). Sourcing plant material 

from a site that is climatically similar to a prospective restoration site, on the other hand, 

directly considers the climate of the sites and thus is more likely to identify genotypes that 

will perform well at a restoration site (Lesica and Allendorf 1999, McKay et al. 2005, 

Havens et al. 2015, Doherty et al. 2017). Unfortunately, this method is more complex than 
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using geographic distance because site and climate variables driving adaptation can differ 

between species (Leimu and Fischer 2008). While there have been recent attempts to create 

more general seed transfer zones that can be used for species that have not been studied 

(Bower et al. 2014, Doherty et al. 2017), this approach has not been as widely implemented 

in restoration.  

However, restricting plant material to locally adapted material has been criticized 

because not all species or populations exhibit local adaptation (McKay et al. 2005). 

Moreover, plants may be adapted to historical environmental conditions and lack the genetic 

variation to respond to a rapidly changing climate (Lesica and Allendorf 1999, Sgro et al. 

2011, Bucharova et al. 2019). Another problem with using only local seed sources in 

restoration efforts is that most restoration sites are located within fragmented habitats, and 

the populations that exist within these landscapes are smaller and potentially more 

genetically inbred than historical populations (Leimu et al. 2006, Breed et al. 2013) with less 

additive genetic variation (Young et al. 1996, Hughes et al. 2008) both of which can reduce 

the ability of the population to respond to environmental change. Lastly, some have pointed 

out that focusing on locally sourced plant material could lead to overharvesting seeds in 

small populations (Mortlock 2000). These issues – variation in local adaptation, problems 

with guidelines for “local seeds,” and detrimental impacts to local populations – suggest that 

a more nuanced approach to seed sourcing is needed. For example, practitioners could have 

different seed sourcing strategies for species depending on their importance to a restoration 

project’s success. Pilot studies could be conducted for a subset of species, such as 

foundational species or species of concern, to identify whether local adaptation exists and 

whether negative impacts could arise from only using local seed sources. This in turn could 
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be used to create a tailored seed sourcing strategy for these key species while a more general 

strategy, such as only using local populations, could continue to be used for the other species 

being reintroduced. This more nuanced approach to seed sourcing would allow practitioners 

and scientists to focus on creating seed sourcing guidance for species whose persistence at a 

site is needed for restoration success.  

Here I describe an experiment in which I grew Stipa pulchra, a native perennial grass 

commonly used in grassland restoration efforts, from seven geographically distinct 

populations representing a range of climates in Southern and Central California in three 

climatically distinct common gardens. Grasslands in California are often targeted for 

restoration because exotic annual grasses and forbs have extensively invaded them during a 

period of acute and chronic anthropogenic disturbances; this invasion drastically altered the 

species composition and structure of these communities (Mooney et al. 1986, Mack 1989, 

Stromberg and Griffin 1996, Stromberg et al. 2001, D'Antonio and Meyerson 2002, 

Stromberg et al. 2007). Although the exact composition of pre-European grasslands is 

unknown (Schiffman 2007), communities were thought to be once dominated by the long-

lived perennial grass S. pulchra (Bartolome et al. 1986, Heady et al. 1988, Hamilton 1997). 

In addition, S. pulchra is often targeted for restoration because it provides the structural 

foundation for native perennial grasslands (Stromberg et al. 2007, Molinari and D'Antonio 

2013). I focused on climate metrics describing water availability because precipitation is 

expected to be the largest driver of change in California grasslands in the future (Dukes and 

Shaw 2007a, Carter and Blair 2012), with extreme droughts predicted to increase in 

frequency. While grasses such as S. pulchra are adapted to seasonal droughts (Ehleringer and 

Mooney 1983, Vaughn et al. 2011) there are substantial differences between water 
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availability at the different seed source locations (Table 2.1). This could lead to differences in 

how the populations are adapted to drought. My goal was to use S. pulchra as a model to 

demonstrate how pilot studies can be used to create tailored seed sourcing strategies and, 

more broadly, to inform seed collection for other geographically widespread species and 

commonly incorporated into restoration. To accomplish this goal, I addressed the following 

questions. (1) Do local populations consistently outperform non-local populations? (2) Do 

individuals sourced from populations closer to the common garden perform better than those 

sourced from further away (i.e., can geographic proximity be used to identify populations 

that are relatively well-adapted to a given location)? And, (3) does the climate at the site 

where seeds were collected affect how well they perform at a given common garden (i.e., can 

climate matching be used to identify local populations)?  

Methods 

Focal Species: Stipa pulchra 

 In California grasslands, the perennial grass, S. pulchra, is a dominant native species 

commonly planted in grassland restoration projects. It has been shown that traits are 

influenced by the climate, with plants sourced from wetter, northern California having taller, 

more erect growth forms and producing fewer, heavier seeds than plants from drier sites in 

central and southern California (Knapp and Rice 1998). Studies have also found population-

level differences in genetic variation even in close proximity (Dyer and Rice 1997). 

However, few common garden experiments have been conducted to determine whether these 

differences represent local adaptation and are important within a restoration context (i.e., 

adaptation to the local environment within a species results in non-local populations failing 

to establish at a restoration site). While a reciprocal transplant study on S. pulchra found 
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evidence for home-site advantage (Hufford and Mazer 2012), the study focused on only two 

relatively close populations in Santa Barbara County. Since S. pulchra is a widespread 

species and occurs across an enormous amount of topographic and climatic variation, it is 

unclear whether local adaptation is widespread throughout the species or just present within 

some limited areas. 

Stipa pulchra Seed Sources 

 Seed was collected from seven S. pulchra populations distributed across a latitudinal 

gradient from the Arboretum in Santa Cruz, CA, to the Santa Rosa Plateau Ecological 

Reserve (Fig 2.1). The seven populations were chosen because they were distributed across 

central and southern California, differed in water availability (Table 2.1), and were located at 

sites that had not been restored. In 2017 between April-June, all ripe seeds available were 

collected from 25-30 individuals at each site. Plants were haphazardly selected within an area 

to represent the entire population and were at least one meter apart. All selected plants 

appeared healthy and bore a minimum of five culms with ripe seeds. Once collected, seeds 

were germinated and grown for all three common garden experiments at the University of 

California Santa Barbara (https://www.eemb.ucsb.edu/services/greenhouse). Plants were 

germinated in a custom potting soil mixture (4-parts Sunshine #4: 1-part Coco coir: 1-part 

plaster washed sand) in round plug flat trays that were 5.9cm deep by 4.8cm wide and held 

6.7 cubic inches of soil and allowed to grow in the greenhouse for 60 days after germination. 

While in the greenhouse, they were watered three times a week. After 60 days, they were 

moved outdoors to harden for 2-3 weeks before being planted into the field sites.  

Description of Study Sites 

 I established three common gardens located throughout California: a northern site 
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near Santa Cruz in Santa Cruz County, a central site near Los Olivos in Santa Barbara 

County, and a southern site near Calabasas in Los Angeles County. All sites are typical of 

California's Mediterranean climate, with wide variation in weather year to year (Table 2.2). 

The growing season occurs during the winter and spring months, with most mean annual 

precipitation occurring between October and April. To quantify the climate differences 

between the sites, climatic parameters were downloaded from the Prism Climate Group 

(http://www.prism.oregonstate.edu/; 01/23/2020). A growing season is defined as October – 

June and the summer defined as July-September; Soil classifications were obtained from 

USDA Natural Resource Conservation Service (https://websoilsurvey.sc.egov.usda.gov/).  

All climate variables described are 30-year normals (averaged between 1981-2010) unless 

otherwise noted. 

Northern Site: University of California Santa Cruz Arboretum and Botanic Garden 

 The northern site is located within the city of Santa Cruz at the Arboretum and 

Botanic gardens, run by the University of California Santa Cruz 

(https://arboretum.ucsc.edu/). During the growing season, the average monthly maximum 

temperature of 20.0°C and a mean minimum daily temperature of 6.7°C, while temperatures 

in the summer range from a mean maximum daily temperature of 26.0°C to a mean 

minimum daily temperature of 10.7°C. The mean cumulative annual rainfall at the site is 

1118.7 mm (http://www.prism.oregonstate.edu/; 01/23/2020). The soil is Elkhorn sandy loam 

with 2-9% slopes.  

Central Site: Midland Boarding School 

 The central site is in the foothills of the Santa Ynez Mountains at the Midland School, 

a boarding school near Los Olivos, CA (https://midland-school.org/). During the growing 
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season, there is an average monthly high temperature of 24.2°C and an average monthly low 

of 6.0°C, while temperatures in the summer range from an average monthly high temperature 

of 31.3°C to an average monthly low of 11.9°C. The average annual rainfall at the site is 

531.58 mm (http://www.prism.oregonstate.edu/; 01/23/2020). The soil is Ballard gravelly 

fine sandy loam with 9-15% slopes. 

Southern Site: Stunt Ranch Reserve 

 The southern site is in the Santa Monica mountains at Stunt Ranch Santa Monica 

Mountains Reserve, a reserve in the University of California Natural Reserve system run by 

the University of California Los Angeles (http://stuntranch.ucnrs.org/). During the growing 

season, the mean high temperature is 21.8°C and the average low is 10.9°C, while 

temperatures in the summer range from a high temperature of 30.7°C to an average low of 

16.4°C. The average annual rainfall at the site is 562.83 mm 

(http://www.prism.oregonstate.edu/; 01/23/2020). The soil is Topanga-Mipolomol-Spawi 

association with 30-75% slopes.  

Experimental Design 

 To determine whether and how seed origin affected the establishment, growth, and 

reproduction of S. pulchra populations cultivated under field conditions, I planted seedlings 

sourced from each of the seven S. pulchra populations in each common garden. Before 

planting, I removed all standing biomass and cleared the plots to bare soil with a hard rake. 

To keep plant interactions between individuals from the same populations, I planted 25 

seedlings from each population in small sub-groups (4 replicate sub-groups of each 

population per site) for a total of 100 individuals from each seed source. Seedlings were 

planted by hand in holes dug to a depth of 15cm using a hand trowel. The sub-groups were 
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randomly placed in a 7x4 m grid with 0.5m between sub-groups to minimize root interaction 

between populations. All seedlings were hand planted in a single day and watered the day of 

planting. All plants were watered with 7.5L of water a second time one week after planting. 

After this initial watering, plants were given additional water during the first growing season 

if more than four weeks elapsed between rain events. The plants did not receive supplemental 

water after the first year. The exotic species were weeded periodically from the plots and 

surrounding areas to minimize competition from exotic species. This experimental design 

was replicated in each of the common gardens.  

Data Collection 

 In early June 2018 and 2019, I collected data on survival, plant size, and reproductive 

output of individual plants. I measured the basal circumference of every individual as a proxy 

for biomass in both years. Reproductive success was measured as reproductive output, which 

is the total seed weight produced per individual.  This was calculated using the following 

equation: 

𝑅𝑅𝑦𝑦 = 𝐶𝐶𝑥𝑥𝑆𝑆𝑥𝑥𝐶𝐶 

Where Ry is the reproductive yield, C is the total number of culms per plant, S is the mean 

number of seeds produced per culm, and W is the mean weight of a single seed. Individual 

seeds were measured to 0.01mg. The number of culms were counted for each individual in 

2018 and 2019. The mean number of seeds produced per individual was estimated by 

counting the number of seeds produced on three randomly selected culms. The mean seed 

weight for a plant was estimated from 10 randomly selected seeds. Unfortunately, many 

individuals died between the surveys in 2018 and 2019 (Table 2.3) due to herbivory by 

gophers, which forced us to alter how I estimated reproductive effort. In 2018, S and W were 
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estimated for 12 individuals from each population at each common garden and then averaged 

for one S and W per population per common garden. In 2019, S and W were estimated for 

every individual, due to the reduced number of individuals, to calculate the average for each 

population per common garden. The individuals I harvested culms from were undisturbed by 

gophers, and there was no evidence of culm loss due to herbivory. 

Analysis  

 All statistical modeling and data manipulation were done in R (R v. 3.5.1, R Core 

Team, Vienna, Austria). To assess whether local populations performed better than non-local 

populations, I compared the local population's basal circumference and reproductive output 

with each non-local population using a Welch’s t-test. I defined the local population as the 

seed source that was collected at the common garden location. I did not statistically compare 

how survival differed between local and non-local populations because I only had one 

survival rate for each population at each common garden.  

 To assess how distance from the common garden location affected S. pulchra 

performance, I estimated the linear distance of each seed source location from the three 

common garden locations using Google Earth. I then used linear regressions to test for 

correlations between the distance between the seed source and the garden (from here on out 

referred to as distance) and the growth, reproductive output, and survival of each population 

at each common garden. Data from each of the common gardens were analyzed separately. I 

analyzed survival data only from the first year (2018) because most plant mortality during the 

second year (2019) was from gopher activity and not related to the climate.  

 To assess how the climate from where seeds were collected influenced how well 

individuals performed in the common gardens, I collected long-term data (30-year normals 
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between 1981-2010) on ten different climate variables for each seed source location; 

maximum vapor pressure deficit (VPD) in January, March, and May, monthly precipitation 

totals for January - May, the total annual precipitation, and the number of rain events during 

the growing season. All climate data was downloaded from the Prism Climate Group 

(http://www.prism.oregonstate.edu/; 01/23/2020). The maximum VPD was used as a proxy 

for how dry the site was during the beginning (January), middle (March), and end (May) of 

the growing season. The monthly precipitation totals allowed us to explore how variation in 

rainfall during the growing season impacted individual performance. On the other hand, the 

total annual precipitation encompasses the total amount of rainfall at each site that was 

available to the plants over the entire growing season. The number of rain events represents 

how that rainfall was distributed throughout the year, with a smaller number of rain events 

equating to fewer events with more dry days in between events. A rain event was defined as a 

continuous period of precipitation (less than 24 hours between precipitation totals) with at 

least 0.1cm of rainfall.  

Each climate variable and the three common gardens were explored separately. Linear 

regressions were run comparing the average response metric (basal circumference, 

reproductive output, and survival rate) for each seed source location and the long-term 

climate variables from the corresponding seed source location. Assumptions for linearity of 

the data, normality of the residuals, homoscedasticity, and independence of residuals for each 

linear regression were tested using the plot function in the base R package. All models were 

run using the lm function in the base package of R. Lastly, within each common garden 

location, I used Akaike Information Criterion (AIC) to determine which climate variable best 
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predicted each response metric (basal circumference, reproductive output, and survival). The 

most climate variable deemed most significant using AIC is described in the results below. 

Results 

Do local populations consistently outperform non-local populations? 

In 2018, in all three common gardens, plants representing the local population had 

significantly larger mean basal circumference than some, but not all, of the other seed source 

populations (Figure 2.2A-C; Table 2.4). However, in 2019 this effect was almost entirely lost 

(Table 2.4), with only the local population in the Stunt Ranch common garden growing larger 

than the Vandenberg seed source (Figure 2.3C). I also found that local populations 

reproduced more than some, but not all, of the other seed sources in the Santa Cruz (Figure 

2.2D & 2.3D) and Sedgwick (Figure 2.2E & 2.3E) common gardens in 2018 and 2019 (Table 

2.4). At Stunt Ranch, however, the local population reproduced less (Table 2.4) than some of 

the other seed sources in 2018 (Figure 2.2F), and there were no significant differences among 

populations with respect to reproductive output in 2019 (Figure 2.3F).  

Do seeds sourced from locations closer to common gardens perform better? 

In 2018, among populations observed at Stunt Ranch, there was a significant negative 

relationship between survival and the distance between seed source locations (Figure 2.4I; 

F5,7=7.69, p=0.04, R2=0.53), but there was no significant relationship between these variables 

in the other two gardens (Figure 2.4G & H;). The distance between the seed source location 

and the common gardens did not significantly affect the growth of S. pulchra in 2018 or 2019 

in any common garden (Figures 2.4 & 2.5). Reproductive output was not correlated with 

distance in any common garden in 2018. However, there was a significant negative 
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relationship between reproductive output and distance in the Stunt Ranch common garden in 

2019 (Figure 2.5F; F5,7=7.36 p=0.04, R2=0.51). 

Does the climate at the site where seeds were collected impact how well they perform at a 

given common garden? 

 In 2018 and 2019, no climate variable was correlated with growth, reproduction, and 

survival of S. pulchra across the three gardens (Table 2.5). However, in 2018 plants from 

drier locations did have higher survival rates in the Santa Cruz and Stunt Ranch common 

gardens, while plants from wetter locations were larger in the Santa Cruz common garden. 

Specifically, plants sourced from arider areas in the middle of the 2018 growing season 

(higher maximum VPD in March) survived at high rates than plants from areas that had 

lower maximum VPD in March 2018 in the Santa Cruz common garden (F5,7=5.69 p=0.06, 

R2=0.44). In the Stunt Ranch garden, populations sourced from areas that received less total 

April precipitation in 2018 survived at higher rates than those sourced from areas that 

received more precipitation in April 2018 (F5,7=11.81, p=0.02, R2=0.64). Plants sourced from 

areas with more precipitation in May 2018 grew larger in the Santa Cruz common garden 

than plants from areas that received less rain in May 2018 (F5,7=4.48, p=0.09, R2=0.37).  In 

contrast, almost none of the climate variables were significantly correlated with growth and 

reproduction in 2019 (Table 2.6). The one exception was I found that plants sourced from 

areas that were arider in the early part of 2019 (higher maximum VPD in January) had higher 

mean reproductive output in the Stunt Ranch garden than those sourced from areas that had 

lower maximum VPD in January 2019 (F5,7=4.35 p=0.09, R2=0.36). All linear models can be 

found in the supplemental materials (Table 2.S1). 
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Discussion 

Limited benefit of restricting seed collection to local populations for Stipa pulchra 

Our experiment only found a limited benefit to using local seed sources to restore S. 

pulchra populations, regardless of how local was defined. There was no robust and consistent 

benefit to being sourced close to the planting site – no clear homesite advantage for the 

population sourced from the planting site or from geographically closer populations. These 

findings are consistent with a previous common garden experiment on S. pulchra (Hufford 

and Mazer 2012) and other studies on local adaptation in grassland species (e.g., Carter and 

Blair 2013), which found that local populations only exhibited homesite advantage in some 

years and locations. Taken together, this suggests that using geographic distance is likely not 

an informative way to delineate “local” S. pulchra populations. I also did not find strong 

evidence for using climate matching to improve S. pulchra performance. While I did find that 

populations sourced from wetter areas grew bigger in the Santa Cruz garden, which was the 

wettest common garden, and populations sourced from more arid populations reproduced 

more in the Stunt Ranch garden, which was one of the two drier gardens, there wasn’t a 

consistent benefit to being sourced from a similar climate. The significant effects I found 

only occurred in one year and were not consistent across the gardens (i.e., wetter populations 

didn’t consistently outperform more arid populations in the Santa Cruz garden across all 

three metrics). Therefore, while I did find that populations sourced from geographically close 

to the planting site and populations sourced from similar climates occasionally performed 

better than non-local populations, overall, there is not strong evidence for local populations 

(or populations from similar climates) consistently outperforming non-local populations (or 

populations from different climates).  
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Rethinking seed sourcing in the context of climate change: support for admixture seed 

sourcing 

 In contrast to local seed sourcing, our results support the idea of admixture 

provenancing, which is expanding the geographic extent of seed sourcing as a general way to 

restore populations that are more resilient to future disturbance events. Admixture 

provenancing can help increase the adaptive potential of restored populations (Havens et al. 

2015) and promote long-term persistence despite an increase in disturbances. This occurs 

because high levels of genetic variation are expected to help populations be successful over a 

wider range of environmental conditions (Bradshaw 1984, Montalvo et al. 1997, Palmer et al. 

1997, Noy-Meir and Briske 2002, Gustafson et al. 2004). This strategy is fundamentally 

different from local seed sourcing. It focuses on increasing the genetic and phenotypic 

diversity of a population, including the purposeful introduction of non-local material 

(Bucharova et al. 2019). My experiment supports this because I found that populations 

sourced from arid climates did well in both our wettest and driest common garden in 2018, 

which was a dry season overall.   

I also found that the identity of the populations that grew the largest and reproduced the 

most differed between the two years in all three gardens. I suspect this was due to the 2019 

growing season being significantly wetter. The Santa Cruz garden received twice as much 

rain, and the Sedgwick and Stunt Ranch gardens receiving over three times as much rain 

compared to the 2018 growing season. This suggests that while the S. pulchra populations in 

our experiment were not strictly adapted to local conditions, the different populations were 

adapted to distinct climates. This pattern supports the idea of admixture provenancing for S. 

pulchra, especially in sites that are expected to experience increased climate variability 
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across years. This finding highlights one of the negative consequences of only using local 

seed sources; the unintentional reduction in genetic diversity (Gould and Lewontin 1979, 

Harper and Newman 1982, Sackville Hamilton 2001, Wilkinson 2001, McKay et al. 2005, 

Havens et al. 2015) and lowered ability of restored populations to respond to and adapt to 

rapidly changing climates (Rice and Emery 2003, Harris et al. 2006, Beierkuhnlein et al. 

2011, Carter and Blair 2013). When a site is located in an area that is expected to experience 

an increase in disturbances, increasing the genetic diversity of restored populations by 

including non-local populations sourced from a different climate would be a proactive way to 

ensure that they can persist: a common goal of most restoration projects (Bradshaw 1987, 

Montalvo et al. 1997). Taken together, our experiment suggests that incorporating seeds from 

across a large geographic range could help promote the long-term persistence of restored S. 

pulchra populations. 

Limitations and considerations 

 While I did not find strong evidence for restricting seed sourcing to local populations 

for S. pulchra, it is essential to note that the duration of our experiment was much shorter 

than the lifespan of this long-lived perennial grass. It is possible that local populations would 

begin to outperform non-local ones over a longer timeframe consistently. For example, 

previous common garden experiments on S. pulchra did not detect a home-site advantage 

until the third year of the study (Knapp and Rice 2011, Hufford and Mazer 2012). In 

addition, while local adaptation could become more apparent with more mature populations 

of S. pulchra, this is less likely to occur in areas where the climate changes rapidly. Thus, 

practitioners should consider how the climate at the restoration site is likely to change in the 

future and incorporate those considerations into seed sourcing strategies.  
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The future of seed sourcing in restoration – creating species-specific strategies  

As restoration practitioners grapple with establishing populations that are resilient to future 

climate change, it is increasingly important to consider expanding seed sourcing beyond the 

“local is best” paradigm. The current study is consistent with other studies that have explored 

local adaptation in other perennial bunchgrasses that have found no clear benefit to using 

local seed sources to establish native populations (Wilsey 2010, Baer et al. 2014). These 

results demonstrate the importance of exploring alternative methods, especially for 

widespread, foundational species like S. pulchra. Understanding local adaptation in 

foundational species used in restoration is particularly important as the success of projects 

often depends on the establishment of these species. If a dominant species displays local 

adaptation that leads to higher establishment, growth, and reproductive rates, then using 

locally sourced material would increase the likelihood of creating self-sustaining populations. 

For example, Uselman et al. (2018) found that shrubs planted from locally sourced material 

exhibited population densities that were approximately 4.5 times higher than commercial 

cultivars when planted in former agricultural fields in the Great Basin Desert, USA. The 

authors propose that the higher emergence rates of seeds sourced from local populations 

indicate that using local seed sources would be warranted in this system (Uselman et al. 

2018). In the absence of evidence for local adaptation, however, the restriction of seed 

sources to local populations would be unnecessary. For example, studies in Iowa and Illinois 

on dominant native prairie grasses found no benefit to the use of locally sourced seed when 

sowing them into abandoned agricultural fields (Wilsey 2010, Baer et al. 2014). These results 

suggest that locally sourced populations in these systems do not necessarily lead to superior 

restoration outcomes, and the use of only locally collected seeds could unintentionally create 



 

 

52 

 

populations that are less likely to have the capacity to adapt to future climate conditions 

(Breed et al. 2013). Thus, while there are clear benefits to strict local seed sourcing for some 

species, there are also potential negative consequences of using this method when local 

adaptation is absent (Havens et al. 2015). Following this logic, I argue that, for widespread 

species such as S. pulchra, a strictly local seed sourcing strategy might be unnecessary, 

especially when considering how climate change will alter local environmental conditions. 

Our results also broadly highlight the importance of evaluating local adaptation in species 

that are key to restoration success, such as foundational perennial bunchgrasses in grassland 

restoration. By identifying those species that exhibit local adaptation, species-specific seed 

sourcing guidelines can be created that allow for the greatest chance of population 

persistence in the face of climate change. 
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Figures and Tables 

 

 
 

Figure 2.1 A map of the seven different populations of Stipa pulchra collected within 
California and the three common gardens (underlined in red). Locations are approximate 
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Table 2.1 Location information and the 30-year normal climate data for the seven Stipa pulchra seed source 
locations  

Sampling 
Location 

Latitude 
(“N) 

Total Annual 
Precipitation 

(mm)* 

Total 
Number 
of Rain 
Events 

Maximum 
VPD in 
January  
(hPa)* 

Maximum 
VPD in 
March 
(hPa)* 

Maximum 
VPD in 

May  
(hPa)* 

Santa Cruz 
Arboretum 36°57’32.09 955.43 27 6.21 6.5 6.85 

Kenneth S. 
Norris Rancho 

Marino Reserve 
35°27’41.56 489.09 27 8.98 9.38 5.93 

Vandenberg 
Airforce Base 34°42’01.98 380.87 20 7.8 6.6 5.3 

Sedgwick 
Reserve 34°38’05.56 451.97 19 12.54 13.69 16.84 

Coal Oil Point 
Reserve 34°22’57.26 505.39 18 10.31 9.75 10.27 

Stunt Ranch 
Santa Monica 

Mountains 
Reserve 

34°06’36.36 551.13 18 13.52 13.94 16.98 

Santa Rosa 
Plateau 

Ecological 
Preserve 

33°32’35.58 485.04 22 14.07 14.21 18.21 

*2016/2107 year runs from 10/01/2016 – 06/30/2017, and all climate data was collected from the Prism Climate Group Oregon State 
University, http://prisim.oregonstate.edu, created January 23, 2020 
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Table 2.2 Climate metrics for the common garden locations during the two years of the experiment 

Growing 
Season 

Common 
Garden 
Location 

Total 
Annual 

Precipitation 
(mm)* 

Total 
Number 
of Rain 
Events 

Maximum 
VPD in 
January 
(hPa)* 

Maximum 
VPD in 
March 
(hPa)* 

Maximum 
VPD in 

May 
(hPa)* 

2017/2018 
Santa Cruz 639.96 26 7.79 9.75 10.55 
Sedgwick 302.11 18 16.76 12.14 16.68 

Stunt Ranch 230.98 14 18.82 11.26 12.74 

2018/2019 
Santa Cruz 1,213.80 27 10.39 10.04 9.30 
Sedgwick 981.65 33 12.35 12.38 14.24 

Stunt Ranch 870.78 27 13.07 10.36 8.98 
*A growing season runs from 10/01- 06/30 of the following year, and all climate data was collected from the Prism Climate Group 

Oregon State University, http://prisim.oregonstate.edu, created January 23, 2020 
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Table 2.3 The percentage of surviving individuals for each seed source location at the three common garden 
locations 

Population 

Santa Cruz Arboretum 
Garden 

Midland Boarding School 
Garden 

Stunt Ranch Reserve 
Garden 

2018 2019 2018 2019 2018 2019 

Santa Cruz 
Arboretum 47% 18% 49% 13% 58% 20% 

Kenneth S. 
Norris Rancho 

Marino 
Reserve 

79% 12% 45% 11% 77% 31% 

Vandenberg 
Airforce Base 58% 12% 49% 6% 91% 28% 

Sedgwick 
Reserve 86% 41% 59% 23% 86% 11% 

Coal Oil Point 
Reserve 67% 16% 60% 26% 73% 8% 

Stunt Ranch 
Santa Monica 

Mountains 
Reserve 

78% 20% 37% 17% 91% 5% 

Santa Rosa 
Plateau 

Ecological 
Preserve 

67% 16% 65% 11% 80% 32% 
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Figure 2.2 the growth measured as basal circumference (A – C) and reproduction (D-F) of Stipa pulchra 
from each source population in 2018. The seven source populations from north to south are the Santa Cruz 

Arboretum (Santa Cruz), Kenneth S. Norris Rancho Marino Reserve (Cambria), Vandenberg Air Force Bases 
(Vandenberg), Coal Oil Point Reserve (Coal Oil), Sedgwick Reserve (Sedgwick), Stunt Ranch Santa Monica 
Mountains Reserve (Stunt), and Santa Rosa Plateau Ecological Preserve (Santa Rosa). The first bar in each 

panel is the common garden population. An asterisk represents a significant difference calculated from a Welch  
t-test (p<0.05) and represents a comparison between each seed source and the common garden population. All 

     

Santa Cruz Sedgwick Stunt Ranch 
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Figure 2.3 the growth measured as basal circumference (A – C) and reproduction (D-F) of Stipa 
pulchra from each source population in 2019. The seven source populations from north to south are the 

Santa Cruz Arboretum (Santa Cruz), Kenneth S. Norris Rancho Marino Reserve (Cambria), Vandenberg Air 
Force Bases (Vandenberg), Coal Oil Point Reserve (Coal Oil), Sedgwick Reserve (Sedgwick), Stunt Ranch 

Santa Monica Mountains Reserve (Stunt), and Santa Rosa Ecological Preserve (Santa Rosa). The first bar in 
each panel is the common garden population. An asterisk represents a significant difference calculated from 

a Welch t-test (p<0.05) and represents a comparison between each seed source and the common garden 
population. All error bars represent + SE. 

Santa Cruz Stunt Ranch Sedgwick Garden 
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Table 2.4 Statistical information for t-test comparisons of growth (basal circumference) and reproductive  
output of the local population at each common garden and the six other seed source populations 

 
  

Year 

Local 
Population/

Common 
Garden 

Seed Source 
Population 

Basal Circumference Reproductive Output 

df t-test 
statistic+ p-value df t-test 

statistic+ p-value 

20
18

 

Santa Cruz 

Cambria 90 0.23 0.8177 NA 2214 0.0514 
Vandenberg 85 2.45 0.0163 NA 1767 0.0041 

Coal Oil 73 0.76 0.4523 NA 1712 0.4089 
Sedgwick 65 2.77 0.0075 NA 2099 0.7060 

Stunt Ranch 74 1.54 0.1274 NA 2120 0.1245 
Santa Rosa 83 2.16 0.0336 NA 1622 0.7758 

Sedgwick 

Santa Cruz 106 0.80 0.4248 NA 1354 0.8017 
Cambria 100 3.13 0.0023 NA 1797 <0.0001 

Vandenberg 104 2.41 0.0177 NA 1684 0.0437 
Coal Oil 95 3.27 0.0015 NA 2031 0.0575 

Stunt Ranch 76 0.83 0.4071 NA 1118 0.0410 
Santa Rosa 99 1.40 0.1648 NA 1286 0.7381 

Stunt Ranch 

Santa Cruz 113 0.05 0.9606 NA 1916 0.0046 
Cambria 147 1.02 0.3104 NA 4092 0.0578 

Vandenberg 180 0.71 0.4813 NA 2198 <0.0001 

Coal Oil 161 3.65 0.0003 NA 3518 0.5137 
Sedgwick 172 4.83 <0.0001 NA 3489 0.2119 

Santa Rosa 163 3.48 0.0006 NA 3421 0.5137 

20
19

 

Santa Cruz 

Cambria 22 1.40 0.1751 28 0.82 0.4177 
Vandenberg 26 0.45 0.6555 20 2.06 0.0522 

Coal Oil 31 0.37 0.7105 25 0.92 0.3641 
Sedgwick 24 1.06 0.3001 18 1.89 0.0756 

Stunt Ranch 29 0.78 0.4461 21 0.62 0.5440 
Santa Rosa 32 1.72 0.0956 32 1.00 0.3292 

Sedgwick 

Santa Cruz 32 0.48 0.6315 21 0.02 0.9837 
Cambria 30 1.89 0.2439 26 3.55 0.0015 

Vandenberg 20 0.67 0.5084 25 2.73 0.0113 
Coal Oil 39 0.22 0.8256 44 1.03 0.3104 

Stunt Ranch 37 0.72 0.4731 36 0.86 0.9321 
Santa Rosa 28 1.14 0.2630 20 0.51 0.6169 

Stunt Ranch 

Santa Cruz 6 0.67 0.5275 4 1.06 0.3643 
Cambria 7 0.65 0.5358 3 0.86 0.4489 

Vandenberg 4 3.08 0.0337 3 1.18 0.3217 
Coal Oil 6 0.60 0.5691 7 0.04 0.9669 

Sedgwick 11 0.86 0.4107 4 0.57 0.6025 
Santa Rosa 5 0.65 0.5411 3 0.60 0.5854 
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Figure 2.4 the growth (A-C), reproduction (D-F), and survival (G-I) of the Stipa pulchra from each seed 
source population in 2018 correlated with the distance of the seed source from the common garden. The 

seven source populations from north to south are the Santa Cruz Arboretum (Santa Cruz), Kenneth S. Norris 
Rancho Marino Reserve (Cambria), Vandenberg Air Force Bases (Vandenberg), Coal Oil Point Reserve 

(Coal Oil), Sedgwick Reserve (Sedgwick), Stunt Ranch Santa Monica Mountains Reserve (Stunt), and Santa 
Rosa Ecological Preserve (Santa Rosa). Lines represent linear regression with the shaded area representing 

the 95% CI. Statistical information is only presented in the panel of significant regressions. 

Adj R2=0.53 
F5,7=7.68, p=0.04 

Santa Cruz Stunt Ranch Sedgwick Garden 
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Figure 2.5 the growth (A-C) and reproduction (D-F) of the Stipa pulchra from each seed source population 
in 2019 correlated with the distance of the seed source from the common garden. The seven source populations 

from north to south are the Santa Cruz Arboretum (Santa Cruz), Kenneth S. Norris Rancho Marino Reserve 
(Cambria), Vandenberg Air Force Bases (Vandenberg), Coal Oil Point Reserve (Coal Oil), Sedgwick Reserve 

(Sedgwick), Stunt Ranch Santa Monica Mountains Reserve (Stunt), and Santa Rosa Ecological Preserve (Santa 
Rosa). Lines represent linear regression with the shaded area representing the 95% CI. Statistical information 

is only presented in the panel of significant regressions. 

Adj R2=0.51 
F5,7=7.36, p=0.04 

   

   

Santa Cruz Stunt Ranch Sedgwick 
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 Table 2.5 Statistical information for linear regressions comparing basal circumference, reproduction, and survival of the Stipa pulchra with different climate 
variables from the seed source locations in each of the three common gardens in 2018 

*degree of freedom (df) for all models is five and sample size (n) is 7, R2 values only reported for significant models, and bolded values indicate most significant model based on 
AIC

Common 
Garden Climate Variables Basal Circumference Reproductive Output Survival Rate 

F-value* p-value R2 AIC F-value* p-value R2 AIC F-value* P-value R2 AIC 

Santa Cruz 

January Max VPD 1.95 0.22  18.9 0.54 0.49  19.7 4.24 0.09 0.35 56.9 
March Max VPD 1.30 0.31  19.6 0.97 0.37  20.2 5.69 0.06 0.44 55.8 
May Max VPD 1.73 0.25  19.1 2.07 0.21  21.4 1.95 0.22  58.9 

January Precipitation 3.90 0.10 0.33 17.6 2.39 0.18  21.7 1.68 0.25  59.1 
February Precipitation 3.04 0.14  17.9 3.50 0.12  22.7 0.78 0.42  60.1 
March Precipitation 3.21 0.13  17.7 0.59 0.48  19.7 0.40 0.55  60.6 
April Precipitation 4.51 0.09  16.7 1.02 0.36  20.2 3.24 0.13  57.7 
May Precipitation 4.48 0.09 0.37 16.8 1.41 0.29  20.7 3.71 0.11  57.3 

Annual Precipitation 4.18 0.09 0.35 17.0 1.66 0.25  21.0 2.82 0.15  58.0 
Rain Events 3.20 0.13  17.7 0.08 0.78  19.1 0.89 0.39  60.0 

Sedgwick 

January Max VPD 0.53 0.50  19.5 0.10 0.77  17.5 0.09 0.78  53.8 
March Max VPD 1.09 0.34  18.9 0.18 0.69  17.6 0.08 0.78  53.8 
May Max VPD 2.54 0.17  17.4 1.16 0.33  18.8 0.02 0.90  53.9 

January Precipitation 0.43 0.54  19.7 1.07 0.35  18.7 0.35 0.58  53.4 
February Precipitation 0.82 0.41  19.2 1.20 0.32  18.9 0.57 0.48  53.1 
March Precipitation 0.79 0.41  19.2 0.49 0.51  18.0 0.25 0.64  53.6 
April Precipitation 0.43 0.54  19.7 0.95 0.37  18.6 0.02 0.90  53.9 
May Precipitation 0.34 0.59  19.8 1.01 0.36  18.7 0.22 0.66  53.6 

Annual Precipitation 0.59 0.48  19.5 1.27 0.31  19.0 0.08 0.80  53.8 
Rain Events 0.09 0.77  20.1 0.005 0.95  17.4 0.33 0.59  53.4 

Stunt 

January Max VPD 1.92 0.22  22.4 1.71 0.25  2.2 2.19 0.20  56.7 
March Max VPD 1.96 0.22  22.3 2.23 0.20  1.7 1.40 0.29  57.5 
May Max VPD 1.89 0.23  22.4 0.77 0.42  3.3 0.84 0.40  58.1 

January Precipitation 1.12 0.34  23.2 <0.01 0.99  4.3 5.89 0.06 -0.45 53.8 
February Precipitation 0.78 0.42  23.6 0.04 0.86  4.2 4.49 0.09 -0.37 54.7 
March Precipitation 0.31 0.60  24.2 0.02 0.89  4.3 4.57 0.09 -0.38 54.7 
April Precipitation 1.44 0.28  22.9 0.35 0.58  3.8 11.81 0.02 -0.64 50.7 
May Precipitation 1.81 0.234  22.5 0.22 0.66  4.0 10.12 0.03 -0.60 51.4 

Annual Precipitation 1.294 0.31  23.0 0.19 0.68  4.0 10.70 0.02 -0.62 51.2 
Rain Events 1.09 0.34  23.5 0.02 0.89  4.3 3.65 0.11  55.4 
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Table 2.6 Statistical information for linear regressions comparing the growth (basal circumference), 
reproduction and survival of the Stipa pulchra with different climate variables from the seed source locations in 
each of the three common gardens in 2019 

*degree of freedom (df) for all models is five, and sample size (n) is seven 
+ R2 values only reported for significant models and bolded values indicate the most significant model according to AIC 
 
 
 

 

 

 

 

 

Common 
Garden Climate Variables Basal Circumference Reproductive Output 

F-value* p-value R2 AIC F-value* p-value R2 AIC 

Santa Cruz 

January Max VPD 0.43 0.54  39.8 0.52 0.50  11.0 
March Max VPD 0.44 0.53  39.8 0.54 0.50  11.0 
May Max VPD 0.090 0.78  40.2 0.87 0.39  10.6 

January Precipitation 0.11 0.76  40.2 2.71 0.16  8.7 
February Precipitation 0.356 0.578  39.9 3.80 0.11  7.8 

March Precipitation 0.99 0.36  39.1 0.06 0.81  11.6 
April Precipitation 0.05 0.84  40.3 0.42 0.54  11.2 
May Precipitation 0.03 0.88  40.3 1.46 0.28  9.9 

Annual Precipitation <0.01 0.97  40.4 0.97 0.37  10.5 
Rain Events 1.32 0.30  38.7 0.54 0.50  11.0 

Sedgwick 

January Max VPD 0.68 0.45  24.2 1.54 0.27  24.8 
March Max VPD 0.75 0.43  24.1 1.52 0.27  24.9 
May Max VPD 1.22 0.32  23.6 3.90 0.11  22.7 

January Precipitation 0.21 0.67  25.8 1.46 0.28  24.9 
February Precipitation 0.15 0.71  24.9 1.33 0.30  25.1 

March Precipitation 0.47 0.52  24.5 0.19 0.68  26.4 
April Precipitation 0.02 0.97  25.1 0.134 0.73  26.5 
May Precipitation 0.02 0.97  25.1 0.34 0.59  26.3 

Annual Precipitation 0.03 0.88  25.1 0.41 0.55  26.2 
Rain Events 3.68 0.11  21.3 1.32 0.30  25.1 

Stunt 

January Max VPD 0.01 0.92  34.3 4.35 0.09 0.36 13.6 
March Max VPD 0.02 0.97  34.3 3.66 0.11  14.1 
May Max VPD 0.0052 0.95  34.0 3.17 0.14  14.5 

January Precipitation 3.06 0.14  31.0 0.07 0.81  17.9 
February Precipitation 2.78 0.16  31.2 0.06 0.81  17.9 

March Precipitation 1.59 0.26  32.4 0.04 0.86  17.9 
April Precipitation 1.19 0.33  32.4 0.49 0.51  17.3 
May Precipitation 1.50 0.28  32.5 0.21 0.67  17.7 

Annual Precipitation 1.54 0.27  32.4 0.19 0.68  17.7 
Rain Events 0.30 0.61  33.9 4.28 0.09 -0.35 13.7 
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IV. Drought and Native Grassland Restoration in California: How Will Changes in 

Rainfall Impact Efforts to Restore Native California Grasslands? 

Abstract 

 As anthropogenic climate change progresses shifts in the timing and amount of 

precipitation are expected to alter the plant communities in seasonal climate regions such as 

California. Yet, the direction and magnitude of changes in the composition and structure of 

communities are unclear. This uncertainty is particularly important in habitats that have 

experienced centuries of intensive land use and where restoration efforts are widespread. 

Here I describe a three-year rainfall manipulation study in which I explored how an increase 

in late spring rain and extreme drought, two of the climate events that are likely to change in 

their occurrence in Mediterranean California, would impact the establishment and persistence 

of a restored native grassland community. I was specifically interested in how the two 

different future climate scenarios would affect the establishment and persistence of a mix of 

grassland species and which species responded to dry versus wet years. Over three years, I 

found that I was able to restore diverse grassland communities, with both perennial and 

annual species, in climates that were both wetter and drier than average.  I also found that dry 

conditions favored specific native species and that these species were relatively stable over 

time. I suggest that practitioners could leverage dry conditions to control invasive species and 

establish relatively stable native assemblages.  
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Introduction 

 Changes in the timing and amount of precipitation are expected to be the strongest 

drivers of change in California grasslands in the future (Suttle et al. 2007b, Carter and Blair 

2012) despite the debate over how precipitation will change (Lukovic et al. 2021). Some 

models suggest that across California that winter conditions in California will be wetter 

(Regonda et al. 2005), with the potential for rains to extend into the spring and summer 

months (Suttle et al. 2007a). Others suggest a reduction in precipitation is likely to be the 

norm (Lukovic et al. 2021), with extreme droughts expected to become more common 

(AghaKouchak et al. 2014, Diffenbaugh et al. 2015). Despite this lack of consensus, 

however, a change in either the timing or amount of precipitation is expected to alter the 

composition of plant communities across California due to the limiting nature of precipitation 

in this semi-arid landscape (Adler and Levine 2007). Grassland plant assemblages in 

California are particularly susceptible to changing precipitation patterns (Zavaleta et al. 2003, 

Dudney et al. 2017) because of the wide diversity of annual and perennial plants associated 

with this ecosystem (Schiffman 2007). The direction and magnitude of any change in species 

composition is also unclear because these systems are dynamic, sometimes exhibiting large 

changes in community composition year to year due to interannual variation in climate 

(Zavaleta et al. 2003, Stuble et al. 2017a). In fact, most native grassland species present in 

California tolerate the inconsistent rainfall through a variety of mechanisms (LaForgia et al. 

2020). It is common to have a higher diversity of species during wet years, often due to an 

increase in annual species that have otherwise survived the dry years through robust seed 

banks (Zavaleta et al. 2003, Cleland et al. 2013, Harrison et al. 2015, LaForgia et al. 2018). 

Therefore, it is unclear if certain grassland species are going to become more/or less common 
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in the future or if the long-term patterns in species composition will remain relatively intact 

due to fluctuating weather and fluctuations in germination of native species.   

 Across grasslands in California today, the hotter, drier grasslands in the interior are 

dominated by annual forbs (Corbin and D'Antonio 2004b), while perennial grasses are more 

common in the maritime climate of the coast (Stromberg et al. 2001, Corbin and D'Antonio 

2004b, Clary 2012). This pattern suggests that an increase in precipitation would promote 

communities that are dominated by perennial species. In particular, an increase in late spring 

rain is expected to favor perennial species because the additional rain extends the period 

available for growth and reproduction beyond when most annuals are actively growing 

(Dukes and Shaw 2007b, Suttle and Thomsen 2007). However, many native summer annual 

species actively grow and flower during the dry summer months and thus could also benefit 

from late spring rains. Alternatively, an increase in drought events is expected to increase the 

relative abundance of annual species (Raunkiaer 1934), and there is some evidence showing 

a direct benefit for native annual forbs in California. For example, a study of an annual-

dominated grassland at the McLaughlin Natural Reserve found that native annual forbs 

increased their cover by 14% in dry years (LaForgia et al. 2018), and a study done in 

northern California between 2005 - 2012 found that multiple dry years in a row increased 

native annual forb species abundances (Dudney et al. 2017). By contrast, some argue that an 

extended drought or a directional shift towards greater growing season aridity could select 

for perennial species, such as bunchgrasses, over annual species because successive years 

with limited seed production depletes the annual seed bank (Dukes and Shaw 2007b). In 

addition, compared to other Mediterranean climate regions, California has the longest and 

driest summer season (Clary 2012), and many of the native perennial species present today 
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tolerate summer drought by annually dying back during this extended dry period (Ehleringer 

and Mooney 1983, Vaughn et al. 2011). In addition, multiple observational studies have 

documented declines in the number of annual species within grassland communities during 

multi-year droughts (Pauli et al. 2012, Harrison et al. 2015, Harrison et al. 2018). Overall, 

there is a clear need to understand better how grassland communities will respond to different 

climate scenarios, especially when considering the best way to restore these ecosystems. 

 Native grassland sites in California are often targeted for restoration because the 

habitat is considered one of the most endangered ecosystems in the world (Mack 1989) and 

has suffered 200 years of disturbance regime change. Today, most grassland sites are 

dominated by annual grass and forb species from Europe and Asia, with native species rarely 

dominating communities away from the coast (Bartolome et al. 1986, Huenneke 1989, 

Hamilton et al. 1999, Corbin and D'Antonio 2004b, Suttle and Thomsen 2007). Passive 

restoration through successional replacement of dominant exotic annuals by native species 

after the cessation of livestock grazing or crop agriculture does not occur (Stromberg et al. 

2007). Hence, active reintroduction and restoration of native species are widely needed and 

ongoing in many regions of the state (Suttle and Thomsen 2007). To reintroduce native 

species during restoration, practitioners often rely on seed additions as a cost-effective way to 

reestablish populations (Carter and Blair 2012, Nolan et al. 2020). However, germination 

from seed is heavily dependent on the environmental conditions during the year of 

introduction (Stuble et al. 2017a), and thus different climate conditions could have lasting 

impacts on the composition of restored grassland communities (Wilsey 2010, Carter and 

Blair 2012, Stuble et al. 2017a, Groves and Brudvig 2019, Wilsey 2020). 

The lasting impact of climate conditions during the establishment of a community is 
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particularly uncertain in California grasslands that are transitional between the more mesic 

coast and the dry interior of California (coast range grasslands) because these areas are co-

dominated by a mixture of native annual and perennial species (Jackson and Bartolome 

2002) and could shift to either annual or perennial dominance depending on how species 

respond to directional precipitation shifts. Moreover, it is also unclear how a changing 

climate will affect invasive species management in restoration. Drought conditions in the 

early nineteenth century are thought to have played a key role in the conversion of California 

grasslands from native to exotic dominated (Mack 1989), and exotic species tend to maintain 

their dominance even in drought conditions (Puritty et al. 2019, Valliere et al. 2019). At the 

same time, drought conditions have also been shown to negatively impact the performance of 

exotic annual species (Dudney et al. 2017, Valliere et al. 2019), and, while these impacts 

alone aren’t sufficient to reduce invasive species abundances, it could mean that invasive 

species could be better controlled in restoration efforts during dry conditions. A critical 

challenge for grassland restoration will thus be to determine how climate change will affect 

target native species, problematic invasive species, and restored communities' persistence.  

One way to help determine how coast-range grassland communities are likely to 

respond to restoration efforts is to conduct multi-year rainfall manipulation experiments in a 

mixed annual/perennial grassland area during restoration. Having information on which 

species or functional groups do best in years with an extended growing season or during a 

multi-year drought can be used to tailor species choice for restoration in the future. Here, I 

describe a field experiment in which a multi-year drought and multi-year extended growing 

season were imposed on a degraded grassland community undergoing restoration. 

Communities were restored by scraping off the dense exotic grass litter, including the surface 
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seedbed, and then seeding a mixture of 12 native annual and perennial species combined with 

transplanting individuals of the native perennial bunchgrass Stipa pulchra. I selected the 

perennial bunchgrass Stipa pulchra because it is commonly the focus of grasslands 

restoration efforts in California (Stromberg et al. 2007). Here, I evaluate how the two 

experimental simulations of two alternative future climate scenarios (increased precipitation 

during late spring and drought) would impact the establishment of different species, different 

life form/origin groups, and the persistence of the native community compared to an ambient 

rainfall treatment. I specifically evaluated (Q1) how rainfall manipulation affected the 

survival, growth, and reproduction of the native perennial bunchgrass Stipa pulchra, (2) how 

rainfall conditions within and across years impacted the establishment, growth, and 

reproduction of annual and perennial species in seeded native grassland assemblages, and (3) 

how rainfall conditions impacted the background exotic community that continues to emerge 

from the seed bank. I predicted that (P1) transplanted S. pulchra individuals would have 

higher survival rates, be larger and reproduce more in the extended growing treatment than 

transplanted individuals in the drought treatment, (P2) that perennial native species would be 

more abundant than annual species in the extended growing season treatment whereas annual 

native species would be more abundant than perennial species in the drought treatment, and 

(P3) that exotic species would be less dense and have less cover in drought treatments 

compared to the extended growing season.   

Methods 

Site Description 

 The research took place in the foothills of the Santa Ynez Mountains at the University 

of California's Sedgwick Reserve, a 2,358-hectare reserve managed by the University of 
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California Santa Barbara (http://nrs.ucop.edu/reserves/sedgwick/). I focused on restoring 

grassland communities that were dominated by European annual grasses such as Avena fatua 

and Bromus diandrus, and exotic forbs such as Centaurea mellitensis, Medicago 

polymorpha, and Erodium species, all species typical of invaded grasslands across the 

region.  The climate at Sedgwick Reserve experiences California's Mediterranean climate 

with hot, dry summers and cool, wet winters (Cayan et al. 2008). Between 1990 - 2019, the 

mean annual precipitation was 426.29mm (Santa Ynez Fire Station, Santa Barbara County 

Water Resources https://countyofsb.org/pwd/dailyrain.sbc) with growing season 

temperatures ranging from a mean monthly low of 6.11°C to a mean monthly high 20.9°C 

and summer temperatures ranging from a mean monthly low 11.8°C to a mean monthly high 

29.8°C (PRISM Climate Group https://prism.oregonstate.edu/). Over the last 30 years, the 

average last day with a rain event greater than 6.35mm (0.25 inches) was April 13th. The 

experimental site had Salinas and Shedd silty clay loam soil with the amount of clay ranging 

from 20.41 – 40.39%, silt ranging from 28.26 – 40.19%, sand ranging from 27.9 – 50.02%, 

total carbon ranging from 1.84 – 2.89%, and total nitrogen ranging from 0.17 – 0.28% in the 

top 10 cm of soil (Table S1).  

Experimental Plots  

 In the fall of 2016, I designated 15, 4x4m plots within an exotic annual grass-

dominated old field. Within each plot, a 3x3m core area was surrounded by a 1m buffer. Five 

plots were randomly assigned to each of three treatments: 1) water reduction using rain-out 

shelters and lateral flow barriers, 2) water addition (by hand following the last April rainfall) 

to mimic additional late spring rainfall, and 3) control/ambient plots with no water 

manipulation (Table 3.1). I erected plexiglass shelters to implement an extreme drought that 
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passively reduced precipitation events by 50-60%. Each shelter was built according to the 

specifications described by the international drought experiment 

(https://wp.natsci.colostate.edu/droughtnet/). Plot perimeters were trenched down to 50 cm, 

and a plastic shield was installed to prevent lateral subsurface water flow into the plots. For 

the extended growing season treatment, plots were watered biweekly (starting 4/17 in 2017 

and 4/11 in 2018) at a rate of 6.7 L/m2 until the end of May (ending 5/29 in 2017 and 5/23 in 

2018). Control treatment plots received only ambient rainfall. The annual variation in the 

climate created differences within treatments throughout the experiment due to large 

fluctuations in the timing and amount of precipitation between 2016/2017, 2017/2018, and 

2018/2019 growing seasons (Table 2).  The 2016/2017 and 2018/2019 growing seasons had 

more than double the precipitation, significantly more rain events, and fewer days between 

rain events than the 2017/2018 growing season, which was drier than the 30-year average. 

Compared to the 30-year average rainfall, this variation meant that the magnitude of the 

drought in the drought treatment varied from a 32% to 72% reduction (Table 3.1). Moreover, 

the dry water year of 2017/2018 meant that the control and extended growing season 

treatments, while receiving more water than the drought treatment, were also drier than 

average (Table 3.1). Nonetheless, the drought treatment plots experienced substantial drought 

in all years.  

 To assess whether the watering treatments effectively changed soil moisture, I 

installed a soil moisture probe (Onset Soil Moisture Smart Sensor: model 10HS) into each 

plot in April 2018. Probes were installed 10cm below the soil surface in the center of each 

plot. I collected hourly soil moisture data from each plot until January 2019. I had initially 

planned to collect soil moisture data over an entire year, but gophers damaged over half of 
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the probes by January, so I removed the remaining ones to prevent further loss of equipment. 

I found that the drought plots always had less soil moisture than the control or extended 

growing season plots, with the extended growing season plots maintaining a higher soil 

moisture level throughout the summer (Figure 3.1).  

Species Selection and Seed Collection 

 I directly seeded 12 native annual and perennial species into the plots (Table 2) and 

transplanted the perennial bunchgrass Stipa pulchra into the experimental plots. Seed was 

collected locally for all 13 species on Sedgwick reserve between 2015 and 2017. Individual 

plants were sampled from across the reserve, with 50-100 randomly selected individuals 

harvested for each species. After collection, the seed was pooled from all individuals, 

separated from the chaff, and stored in cool, dry conditions (approximately 25°C). While all 

forbs and shrubs were direct seeded into the plots, I transplanted S. pulchra individuals 

because I found this species to have poor germination from seed in the field in a pilot study.  

S. pulchra plants were thus germinated and grown in round, 2-inch pots at the biology 

greenhouse facility at the University of California Santa Barbara 

(https://www.eemb.ucsb.edu/services/greenhouse). A custom soil mix was used: a 4:1:1: 

mixture of Sunshine #4, Coco coir, and plastered washed sand. Plants were in the greenhouse 

for 60 days and were then moved outside for three weeks before being planted into the field 

sites.   

Seeding treatment: 

  Prior to the experiment, all existing plant material was removed from the plot and the 

buffer zone through raking of the surface layer. During raking, I also broke up soil clumps 

and homogeneously raked the top 5cm of soil to facilitate direct seeding. On December 7, 
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2016, all 15 plots were direct seeded with the mixture of native grassland forbs and shrubs 

(Table 2), with each species represented equally by weight in the seed mix (0.69g per 

species/plot). All plots were watered by hand after being seeded, followed by a second 

watering a week later. Approximately one month later, on January 21, 2017, twelve S. 

pulchra seedlings that were approximately four months old were transplanted into each plot. 

Individuals were evenly spaced in the plot and marked. One week later, all plots were 

watered to assist seedling establishment further. On January 7, 2018 (second growing 

season), all plots were reseeded with the same background community, but the amount of 

seed was increased to 1.56g/plot to increase germination. No new S. pulchra seedlings were 

planted in 2018 as survival appeared to be high. Plots were not seeded or planted with S. 

pulchra in 2019. All exotic species were continuously weeded from the plots during the 

winter months in the 2016/2017 and 2018/2019 growing seasons. Exotic species were only 

weeded once in the 2018/2019 growing season, during which the biomass for each weeded 

species was measured.   

Response Metrics 

 In April of all three growing seasons, I measured all species' percent cover and 

density in the plots. This timing represents peak biomass for winter and spring flowering 

species. In 2019 I also collected the biomass of all exotic species that were surveyed. In May 

of each year, I collected additional data on the planted S. pulchra individual’s basal 

circumference and the number of flowering culms. In 2018, I collected three flowering culms 

and ten seeds from each plant when available to estimate reproductive output. In 2019, I also 

harvested the above-ground biomass for each S. pulchra plant.  

Data Analysis 
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 All analyses were done in the statistical program R (R v. 3.5.1, R Core Team, Vienna, 

Austria). Analysis of Covariance (ANCOVA) followed by the posthoc TukeyHSD test was 

used to explore how the climate affected the establishment/growth/reproduction of S. 

pulchra. Because there appeared to be underlying soil variation across plots, I included the 

percentage of clay in each plot as a covariate in all ANCOVA models. Within each year of 

the experiment, I used three metrics to compare the success of S. pulchra in the three 

different watering treatments: 1) percent survival, 2) basal circumference as a proxy for 

growth, and 3) the number of seed heads produced as a proxy for reproduction.  

To assess how the climate during the early years of restoration impacted the restored 

community as a whole, I used a variety of statistical tests. ANCOVA (with percent clay as a 

covariate) and TukeyHSD were used to compare how the total percent cover and density/m2 

of the native and exotic communities (and biomass of the exotic community in 2019) differed 

between the three watering treatments in each year of the experiment. The species richness of 

the native communities was also compared between the three watering treatments using an 

ANCOVA (with percent clay as a covariate) and TukeyHSD. An Indicator Species Test was 

conducted to understand if specific native and exotic species were associated with different 

watering treatments (analyzed with the indicspecies package in R). Non-Metric Dimensional 

Scaling (NMDS) was also used on percent cover data to visually assess how the communities 

changed over time (analyzed with the vegan package in R). I explored community 

composition in two ways: the composition of the species and the composition of lifeform 

groups in each community in each year of the experiment. To categorize species into these 

groups, I grouped them by their lifespan (Annual/Short-lived or Perennial) and growth form 

(Herbaceous, Grass, and Shrub) using standard classifications (Cornelissen et al. 2003) and 
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whether or not they were considered native to California. Using both species and life form 

group percent cover data, Indicator Species Tests were used to compare the communities in 

the three treatments to detect their effects on community composition in each year of the 

experiment. Lastly, to understand how persistent the composition of the communities was 

over time I used the Bray-Curtis Dissimilarity metric (BC). First, BC was calculated for each 

plot in 2018 and 2019 using the community that was established in that plot in 2017 as the 

baseline. Persistence was then calculated as 1-BC, with communities closer to 1 having more 

persistence (i.e., being more like the initially established community). The plot-level data 

were then averaged to understand how persistence differed between the watering treatments 

in 2018 and 2019. ANCOVA followed by the posthoc TukeyHSD test was used for each year 

to detect whether persistence differed between the watering treatments. 

Results 

Influence of treatment on S. pulchra outplants: 

 Over 75% of all transplanted individuals of S. pulchra survived across the three 

watering treatments throughout the experiment, and there were no significant difference in 

survival rates between the treatments in any year (F2,11=0.615, p=0.558, F2,11=0.919, 

p=0.428, F2,11=2.583, p=0.1204; 2017-2019 respectively; Figure 3.2A). Across treatments, 

the amount of clay in the soil had a significant, positive impact on survival in 2019 (F=5.806, 

p=0.0346; Figure S3.1) but not in 2017 or 2018 (F=1.301, p=0.278, and F=1.294, p=0.279 

respectively; Figures S3.1). While there were no differences in survival rates among watering 

treatments, individuals of S. pulchra grew significantly less in the drought treatment in the 

two wetter years and reproduced less in the drought treatment in the drier year (Figure 3.2B) 

compared to control and water added treatments. Specifically, in 2017 (F2,11=4.961, p=0.029) 
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and 2019 (F2,11=16.67, p<0.001) the droughted individuals were significantly smaller than 

individuals in the control (p=0.034; p=0.005 for 2017 and 2019 respectively) and extended 

growing season (p=0.072; p<0.001 for 2017 and 2019 respectively) plots. Increasing late 

spring water had no effect compared to control treatment in any year. The amount of clay in 

the soil had a significant positive impact on growth rates in all three years (F=26.495, 

p<0.001; F=27.496, p<0.001; F=53.65, p<0.001 for 2017, 2018, and 2019 respectively; 

Figure S3.2) The watering treatment also impacted the production of seed heads in 2018 

(F2,11=6.654, p=0.013; Figure 3.2C) with individuals in the drought treatment producing 

fewer heads than individuals in control (p=0.103) and extended growing season treatments 

(p=0.011). The amount of clay in the soil also had a significant positive impact on the 

number of seed heads produced in all three years (F=24.58, p<0.001; F=14.525, p=0.003; 

F=8.834, p=0.013 for 2017, 2018, and 2019 respectively; Figure S3.3). 

Treatment Influences on Composition and Stability of the Native Herbaceous 

Community 

Impact on Total Native Cover and Density 

 Native species cover and density only differed between the three watering treatments 

in 2017 (cover: F2,11= 8.915 p=0.005; density:F2,11= 4.473p=0.038; Figure S3.4), At the time 

of the 2017 census, the drought treatment had a mean cover of 26.22 + 4.87%, exceeding that 

of the control (11.22 + 2.93 %; p=0.007) and the extended growing season (12.55 + 3.41%; 

p=0.013) treatments. In addition, there was a mean of 118.22 +35.18 individuals/m2 in the 

drought treatment in 2017, which was significantly lower than the control (181.69 + 35.29 

individuals/m2; p=0.037). The extended growing season treatment had a mean of 134.29 

+37.52 individuals/m2, which did not differ from the other two treatments (p=0.125 & 
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p=0.752 for the control and drought treatments respectively). In 2018 and 2019, there were 

no significant differences in the native cover (F2,11=1.058,p=0.380; F2,11=0.880,p=0.442 for 

2018 and 2019 respectively) or native density (F2,11=0.576,p=0.578; F2,11=2.047,p=0.176 for 

2018 and 2019 respectively) between the three watering treatments. The amount of clay in 

the soil also had a positive effect on native cover in 2017 (F2,11=11.763, p=0.005), but no 

effect in 2018 (F2,11=0.228, p=0.642) or 2019 (F2,11=0.104,p=0.753). On the other hand, the 

amount of clay in the soil had a positive impact on density in all three years  F2,11=52.913, 

p<0.0001; F2,11=15.630, p=0.002; F2,11=3.455, p=0.01 for 2017, 2018 and 2019 respectively) 

Impact on Persistence 

 The composition of the native communities in all three treatments shifted over time 

(Figure 3B). The most dramatic shift happened between 2017 and 2018 in all three 

treatments (which coincided with a transition from an above-average to a severely droughted 

rainy season). All treatments experienced drought in 2018 due to rainfall that was 41% below 

average. There were also differences in the persistence of the native communities, using 2017 

as the baseline, among the three treatments in 2018 (F2,11=F=10.658, p=0.003) and 2019 

(F2,11=11.53, p=0.002; Figure 3.3A). In both years, the communities in the droughted plots 

had higher persistence with less change in the composition of their communities than the 

control plots (p=0.002 & p=0.002 for 2018 and 2019, respectively). The persistence of the 

control and extended growing season treatment did not differ in either year (p=0.246 & 

p=0.265 for 2018 and 2019, respectively). The amount of clay in the soil did not impact 

persistence measures in either 2018 (F=1.968, p=0.188) or 2019 (F=0.19, p=0.671). 

Impact on Community Composition 
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Overall, the number of native species was similar between the three watering 

treatments throughout the experiment. In 2017, the drought treatment plots tended to have 

fewer species than the water addition and control treatments (F=3.323, p=0.074). On average, 

the drought treatment had 13.8+1.07 species which was marginally less than the 16+0.0 

species in the control treatment (p=0.09) and the 16+0.48 species in the water addition 

treatment (p=0.09). However, there was no difference between the three watering treatments 

in terms of species richness in 2018 (F=2.294, p=0.147; control = 8.8+0.58 species, 

drought=6.8+1.24 species, and extended growing season=8.0+0.95 species) and in 2019 

(F=2.251, p=0.151; control=10.6+0.68 species, drought=8.6+0.87 species, and extended 

growing season=9.6+0.68 species). The amount of clay in the soil did not impact the species 

richness of treatments in 2017 (F=0.038, p=0.848; Figure S3.4) but had a significant negative 

impact on species richness in 2018 (F=14.17, p=0.003; Figure S3.4) and 2019 (F=4.13, 

p=0.067; Figure S3.4). The watering treatment plots also differed in their composition over 

the course of the experiment (Figure 3.4). An Indicator Species Test was used to explore if 

specific species were associated with specific treatments. This test detected that in 2017, E. 

californica was positively associated with drought treatment plots (p=0.005) and D. 

capitatum was marginally positively associated with both the control and drought treatments 

(p=0.096). B. crocea was positively associated with the extended growing season and control 

treatments (p=0.063). By 2019, both E. californica (p=0.006) and A. menziesii (p=0.033) 

were positively associated with the drought treatment, whereas S. bellum (p=0.067) and P. 

erecta (p=0.063) were positively associated with control plots, and C. purpurea (p=0.075) 

was positively associated with both control and extended growing season treatments. 

Impact on Functional Group Composition 



  

79 

 

 The different functional groups responded differently to the watering treatments 

(Figure 3.5). In 2017, the cover of native annual herbs was impacted by watering treatment 

(F2,11=4.5142, p=0.037), with the drought treatment having had significantly higher cover 

than the control (p=0.061) and extended growing season treatments (p=0.057, F2,11=4.5142, 

p=0.037 for overall treatment effect). The cover of native perennial grasses (F2,11=1.5698, 

p=0.251), native perennial herbs (F2,11=1.3159, p=0.307), and native shrubs (F2,11=2.2781, 

p=0.149) did not differ among treatments in 2017. In contrast, in 2018, the very dry year, the 

cover of native shrubs was significantly higher in the control than in the drought treatment 

plots (p=0.0488). Yet the cover of the annual herbs (F2,11=1.5075, p=0.264), perennial 

grasses (F2,11=0.0228, p=0.978), and perennial herbs (F2,11=0.9390, p=0.430) did not differ 

among the three watering treatments in 2018. In  2019, none of these functional groups 

differed between the watering treatments (annual herbs: F2,11=2.1105, p=0.168; perennial 

grasses: F2,11=0.0702, p=0.933; perennial herbaceous: F2,11=1.0516, p=0.399; shrubs: 

F2,11=1.5121, p=0.267).  

Effects of Treatment on Exotic Species: 

Impact on Total Exotic Cover and Density 

 Compared to the native species, the watering treatments did not impact the cover and 

density of exotic species as much (Figure S3.4). There were no significant differences in the 

total exotic cover in 2017 (F2,11=1.319, p=0.307), 2018 (F2,11=1.196, p=0.339) or 2019 

(F2,11=0.918,p=0.428). However, the amount of clay in the soil was positively associated with 

cover in 2017 (F2,11=4.359, p=0.061) and 2018 (F2,11=4.652, p=0.054). There was no effect of 

percent clay on the cover in 2019 (F2,11=0.087, p=0.773). In terms of density, the treatments 

differed only in the density of exotic species in 2019 (F2,11=2.788, p=0.105), with the drought 
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treatment having a significantly lower density than the extended growing season treatment 

(110.68 vs. 401.43 + 121.98 individuals/m2 respectively, p=0.098) but not differing from the 

control treatment (317.02 + 131.48 individuals/m2; p=0.275). There was no difference in the 

total exotic density in 2017 (F2,11=0.889, p=0.438) or 2018 (F2,11=1.598, p=0.246). The 

amount of clay in the soil did not affect density in 2017 (F2,11=0.087, p=0.773) or 2018 

(F2,11=0.471, p=0.507), but there was a significant positive effect in 2019 (F2,11=5.761, 

p=0.035). The watering treatments also did not differ in biomass (F2,11=1.779, p=0.214) of 

the exotic communities in 2019.  

Impact on Community Composition  

 The composition of the exotic community differed between the watering treatments 

during the first two years of the experiment (Figure 3.6). Specifically, the drought treatment 

had a higher abundance of C. melitensis (p=0.039) in 2017 with 1.42+0.49% in the drought 

treatment versus 0.41+0.23% in the control and 0.018+0.01% in the extended growing 

season treatments. The extended growing season treatment also had a higher abundance of B. 

nigra (p=0.012) in 2018 (0.11+0.05% in the extended growing season treatment vs. 

0.01+0.00% in the control vs. 0.03+0.00% in the drought treatments). However, by 2019 the 

exotic community did not differ significantly among watering treatments.  

Impact on Functional Group Composition 

The cover of exotic annual grasses and exotic annual herbaceous species did not 

differ between watering treatments in 2017 (F2,11=2.630, p=0.117, F2,11=1.402, p=0.287 for 

grass and herbaceous species respectively), 2018 (F2,11=0.386,p=0.689, F2,11=1.135,p=0.356 

for grass and herbaceous species respectively) or 2019 (F2,11=0.205,p=0.817, 

F2,11=1.018,p=0.393 for grass and herbaceous species respectively; Figure 3.7). 
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Discussion 

 In the current study, I found that, although drought and an extended growing season 

affected the relative abundances and densities of different sets of species, most of the native 

species observed were able to survive and establish in all watering treatments. This highlights 

how many grassland species are adapted to variable precipitation, including periodic 

droughts (LaForgia et al. 2020). Thus, because the Mediterranean climate pattern is expected 

to persist in California, despite changes in the amount and timing of precipitation within the 

growing season (Cayan et al. 2008), our experiment suggests that all of the species used here 

are likely to remain in grasslands in the future.  

 While most species survived in all three watering treatments, drought conditions 

promoted the establishment of native annual forbs, lending partial support to P2. This was 

particularly true during the first year of establishment, in which short-lived native annuals 

were significantly more abundant in the droughted plots. This is consistent with previous 

research in a Mediterranean climate that found an increase in native forb abundance during 

dry conditions (Dudney et al. 2017, LaForgia et al. 2018). However, over time, the benefit of 

a multi-year drought disappeared for the short-lived native annual forb functional group 

compared to the other treatments. Instead, only two native forbs, Eschscholzia californica 

and Amsinckia menziesii were at higher abundances after three years of drought. This is 

similar to a previous study that found that while annual species were initially abundant 

during the early years of a multi-year drought, only a subset of species were able to persist at 

high abundance (Armstrong and Huenneke 1992). Thus, taken together, this suggests that 

while I found a short-term benefit for annual species during drought conditions, I would 

expect that most annual species would decline in abundance during droughts that are longer 
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than three years. Moreover, I also observed a decline in species richness and cover in all 

three treatments during the extremely dry year of 2018. This is consistent with other 

observational studies that have documented declines in annual species in long-term droughts 

(Pauli et al. 2012, Harrison et al. 2015, Harrison et al. 2018) and suggests that grassland 

restoration projects would need supplemental water to maintain native annual populations 

during droughts that last longer than three years.  

 The benefit of drought conditions for annual/short-lived native forbs, however, did 

not correspond to a negative impact for native perennial species. Instead, there was a slow 

and steady increase in perennial cover throughout the experiment, including the cover of S. 

pulchra. The resilience of perennial species to drought is consistent with other research, 

which has found that perennial plants can be dominant in grasslands during dry years, 

especially in communities dominated by exotic annual species (Cleland et al. 2013, Dudney 

et al. 2017). For example, a five-year observational study on grassland communities in Jasper 

Ridge found that S. pulchra and Hordeum brachyantherum increased in frequency over the 

course of a four-year drought that occurred during the experiment (Armstrong and Huenneke 

1992). This resilience, however, was paired with a dramatic decline in reproduction during 

the second year when precipitation was reduced by more than 70%. Thus, while native 

perennial grasses are adapted to annual summer drought and occasional dry years 

(Balachowski et al. 2016, Norton et al. 2016), extremely dry conditions can negatively 

impact perennial grass performance. Thus, while my experiment suggests that many native 

perennial species are resilient to drought conditions over short-time frames, longer-term 

directional aridification of the climate could lead to a slow decline in perennial species if 

extremely dry conditions continue to reduce reproductive output.  
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 Contrary to our prediction, I found that late spring rains did not strongly promote 

native perennial species relative to native annuals. For our focal perennial grass species, I did 

not find an increase in S. pulchra survival rates, growth, and reproduction in the extended 

growing season treatment as predicted (P1). I also did not see the widespread benefit of an 

extended growing season for other native perennial species that I expected (P2). This was in 

contrast to previous research, which found a net benefit of late spring rains for perennial 

grass species, with some species producing twice as many culms and growing twice as large 

compared to ambient conditions (Suttle et al. 2007a). Indeed, the only perennial species that 

benefited from an extended growing season in our experiment was the shrub E. 

confertiflorum. However, the discrepancy between our findings and previous research could 

be due to differences in the magnitude of water added in the extended growing season 

treatment. While the length of the extended growing season treatment was similar across 

experiments, our extended growing season treatment added less water overall, based on 

ambient conditions, compared to other experiments. Thus, the lack of benefit of an extended 

growing season in our experiment could be because there wasn’t enough water to increase 

perennial plant performance. However, while I did not see a substantial benefit for perennial 

natives, I also did not see a significant decline in native diversity from multiple years of late 

spring rains that others have found. For example, Suttle et al. (2007a) found that multiple 

years with late spring rains led to an almost 50% reduction in species richness compared to 

control conditions. They hypothesized that this decline occurred because the extended 

growing season led to increased nitrogen-fixing forbs, which created a nutrient-rich 

environment that favored exotic species. I suspect I did not find a similar decline in species 

richness because I actively minimized competition from exotic species by weeding the plots 
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throughout the experiment. This suggests that declines in native species after multiple years 

with late spring rains could be avoided within a restoration context by consistently weeding 

invasive species from project sites.  

 While the benefits of drought were limited for native species, the negative impacts of 

drought on the exotic community suggests that restoration efforts may benefit when initiated 

in drought conditions. Even though there was no difference in the cover of exotic species in 

any year, the density of exotic plants was almost 4x lower in the plots that had experienced a 

three-year drought compared to the plots with three consecutive years of an extended 

growing season. This suggests that sustained exotic species control efforts over multiple 

years (e.g., removing thatch and seed bank prior to planting and weeding newly restored 

communities) in a drought would take less time and require fewer resources needed than in 

wetter years. Managing exotic annual grasses is one of the most challenging aspects of 

California grassland restoration (Stromberg et al. 2007), and intensive weed management 

during the initial restoration years is often necessary (Rowe 2010, Young et al. 2017). 

Unfortunately, my experiment highlights that drought alone is not likely to eliminate invasive 

species' adverse effects, and I suspect that weed management will continue to be critical for 

restoration success. Despite the negative impacts of drought on exotic species in grasslands 

(Salo 2004, Copeland et al. 2016, LaForgia et al. 2018, Valliere et al. 2019), these species 

maintain their dominance over native species in dry conditions (Valliere et al. 2019, 

LaForgia et al. 2020) and can hamper the ability of native species to persist through the 

stressful environmental conditions (LaForgia et al. 2020). Indeed, a recent study found that 

per capita growth rates of native annual forbs declined by 43% when coexisting with exotic 

annual grasses during a drought (LaForgia et al. 2020). Taken together, this suggests that 
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exotic species could negatively impact the establishment of native grassland communities 

during drought conditions, and weeding restoration sites during these conditions is likely 

necessary for success. However, weeding during dry conditions will also take less time and 

energy to remove them in these restored communities.   

Conclusion 

 While climate change will undoubtedly have significant, detrimental impacts on 

native plant communities across California, the patterns presented here suggest that it will 

still be possible to establish diverse coast-range grassland communities in California in the 

future. Instead of strong selection for certain species in the different watering treatments over 

time, I found persistence of most species in all treatments. Most of the native species 

persisted despite large swings in annual precipitation throughout the experiment, including an 

especially dry year in 2018 which led to the drought treatment receiving only ~30% of the 

mean annual rainfall. The drought experienced during 2018 for the ambient plots is 

equivalent to what native annual dominated grasslands in the interior experience, such as 

Carrizo Plain Natural Area (~200mm of rain annually, Gurney et al. 2015). Instead, the 

native perennial species persisted, supporting the idea that they can tolerate high interannual 

variation in precipitation, including multi-year droughts (Ehleringer and Mooney 1983, 

Vaughn et al. 2011). I also observed higher species diversity during the wetter years of the 

experiment (e.g., control plot species richness was ~16 in 2017, ~8 in 2018, and ~10 in 

2019), which highlights how resilient California grasslands are too inconsistent rainfall 

patterns (Zavaleta et al. 2003, Cleland et al. 2013, Harrison et al. 2015, LaForgia et al. 2018, 

LaForgia et al. 2020) 
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 There appear to be some benefits to restoring in multi-year drought conditions – 

namely creating communities that are more stable in composition over time and declines in 

invasive species density. These benefits are especially pertinent because increasing the 

stability of a restored community is one of the most critical measures of restoration success 

(SER 2004 ), and the persistence of the restored community is one of the most relevant ways 

to quantify stability in restoration (Doherty et al. 2011, Wilsey 2020). Historically, stability 

metrics have been difficult to measure (Shackelford et al. 2013), but our study demonstrates 

the ease with which persistence can be calculated from readily available data. Additionally, 

keeping the abundance of invasive species low is critical for restoration success (SER 2004 ), 

and weeding combined with drought can lessen the initial cover and long-term density, 

making it easier to achieve this restoration goal. In the end, as the effects of climate change 

become more apparent, restoration practitioners must choose species for their projects that 

can establish and persist into the future (Suttle et al. 2007b, Wilsey 2020). Our results 

suggest that a diversity of native grassland species can survive in various annual rainfall 

conditions and thus persist into the future. Indeed, I would argue that instead of focusing on 

certain functional groups such as perennial grasses, which have been the focus of grassland 

restoration in California (Young et al. 2009), practitioners should reintroduce as many 

species as possible to maximize the expression of diversity in wet years, and maximize the 

likelihood of persistent communities if drought conditions dominate.  
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Figures and Tables 

Table 3.1 Estimated Amount of Precipitation for Each Watering Treatment 

+Percent difference from average rainfall of 426.69mm 
*Defined as between September and August 
**One less watering treatment due to late rains 
  

Growing 
Season* 

Total Precipitation Received (mm) Date of Last Rain 

Drought 
Treatment 

Control 
Treatment 

Water Addition 
Treatment 

Drought & Control 
Treatment 

Water Addition 
Treatment 

2016-2017 289 (-32%)+ 578 (+35%) 612 (+44%) 5/7/2017 5/29/2017 

2017-2018 125.5 (-71%) 251 (-41%) 285 (-33%) 3/22/2018 5/23/2018 

2018-2019 289 (-32%) 578 (+35%) 603.5** (+42%) 5/19/2019 5/23/2019 
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Table 2.1 Climate Data from the Sedgwick Weather Station 

*Defined as starting in September and ending in August the following year 
**A Rain event is defined as consecutive days with rain 
*** Summer Drought defined as the number of days after the last day of rain before the start of the next growing season  
  

Growing 
Season* 

Date of 
First Rain 

Date of 
Last Rain 

Number 
of Rain 
Events** 

Average 
Time 

Between 
Rain Events 

Longest 
Time 

without 
Rain 

Length of 
Summer 

Drought *** 

Total 
Precipitation 

(mm) 

2016-
2017 

10/15/2016 5/7/2017 21 7.6 days 20 days 118 578 

2017-
2018 

9/2/2017 4/2/2018 14 17.84 days 55 days 167 251 

2018-
2019 

10/03/2018 5/19/2019 27 6.6 days 54 days NA 578 
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Table 3.3 Native Background Forb Community 

 
 

 
 

 

 

 

  

  

Scientific Name Common Name Lifespan 
Achillea millefolium Common yarrow Perennial 
Amsinckia menziesii Small-flowered fiddleneck Annual 
Bloomeria crocea Common goldenstar Perennial 
Clarkia purpurea Purple clarkia Annual 

Croton setiger Turkey-mullein Annual 
Dichelostemma capitatum Blue dick Perennial 

Eriophyllum confertiflorum Golden yarrow Perennial 
Eschscholzia californica California poppy Annual/Biannual 
Lomatium utriculatum Common lomatium Perennial 

Plantago erecta California plantain Annual 
Sisyrinchium bellum Blue-eyed grass Perennial 
Uropappus lindleyi Silver puff Annual 
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Figure 3.2 Average soil moisture for each treatment from April 2018 – January 2019.  
Soil moisture was measured with permanent soil moisture probes that measured soil 

moisture once an hour. The ambient treatment had no climate manipulation, the drought 
treatment had precipitation reduced by 50%, and the water addition treatment had 

supplemental watering to expend the growing season until the end of May. 
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A 

B 

C 

Figure 3.3 The (A) survival, (B) growth, and (C) reproductive success of Stipa pulchra 
transplanted in three different watering treatments (A= Ambient/Control, D=Drought, W=Water 
Addition). The error bars represent + SE with lower case letters corresponding to the results of 

an ANCOVA and TukeyHSD post hoc test. Statistical tests were run within a years. 
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A 

Drought Treatment Water Addition Treatment Ambient Treatment 

Figure 4.3 (A) the persistence of the native community throughout the experiment in three different watering treatments (A= Ambient/Control, 
D=Drought, W=Water Addition). Persistence is 1- BC (Bray-Curtis Dissimilarity Index) with the persistence each year compared to the BC in 

2017. BC was calculated in terms of the percent cover of the species. The error bars represent + SE with lower case letters corresponding to the 
results of an ANCOVA and TukeyHSD post hoc test. Statistical tests were run within a years. (B) Non-metric dimensional scaling (NMDS) of the 

native communities in the ambient, drought and water addition treatments over the course of the experiment. Pink shaded area indicates plots 
from 2017, blue shaded area indicates plots from 2018, and tan shaded area indicates plots from 2019. 
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Figure 3.4A boxplot diagram of the percent cover of the native species in the (A) Control, 
(B) Drought, and (C) Water Addition treatments in the three years of the experiment. Lower 

case letters represent species found to be associated with a treatment within a year using 
Indicator Species Analysis. 

b c 
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b 
ab 

a 

Figure 3.5 the percent cover of different native functional groups in three different watering treatments (blue= Ambient/Control, red=Drought, green=Water 
Addition). Error bars represent + SE and lower-case letters represent significant differences found using an ANCOVA analysis (with % clay as a covariate). 

ANCOVA tests were used to compare the three treatments for each functional group in each year. 
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Figure 3.6 boxplot diagram of the percent cover of the exotic species in the (A) Control, (B) Drought, and 
(C) Water Addition treatments in the three years of the experiment. Lower case letters represent species 

found to be associated with a treatment within a year using Indicator Species Analysis. 
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Figure 3.7 the percent cover of different invasive functional groups in three different watering treatments (blue= Ambient/Control, 
red=Drought, green=Water Addition). Error bars represent + SE and lower-case letters represent significant differences found using an 
ANCOVA analysis (with % clay as a covariate). ANCOVA tests were used to compare the three treatments for each functional group in 

each year. 
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VI. Supplemental Material 
 
Table S1.2 Studies included in the meta-analysis 

Reference Ecosystem Functional 
Group 

Introduction 
Method 

Establishment 
Filter Establishment Technique 

Allen et al. 
2005 Grassland Forb Natural 

Regeneration Biotic Herbicide & Weeding/Thatch Removal 

Alpert and 
Maron 2000 Grassland 

Grass  
& 

Forb 

Natural 
Regeneration 

Biotic 
 

Abiotic 
Tilled, Sawdust Added 

Aprahamian et 
al. 2016 CSS Shrub Direct Seeding Abiotic Mycorrhizal Treatments 

Bell et al. 
2016 CSS Forb Natural 

Regeneration Biotic Herbicide 

Brown and 
Rice 2000 Grassland Grass Direct Seeding Biotic Increasing Density of Exotic Species 

Brown and 
Bugg 2001 Grassland Forb Direct Seeding Biotic Absence of Native Perennial Grasses 

Bugg et al. 
1997 Grassland Grass Direct Seeding 

Dispersal 
  

Abiotic 

Species Richness of Seed Mixes  
 

Seeding Location  
Buisson et al. 

2006 Grassland Grass Transplanting Biotic Grazing, Top Soil Removal & Weeding 

Buisson et al. 
2008 Grassland Grass 

Direct Seeding   
& 

Transplanting 
Biotic Grazing, Topsoil Removal & Weeding 

Carlsen et al. 
2000 Grassland Forb 

(Threatened) Transplanting Biotic Density of Competitor 

Carlsen et al. 
2017 Grassland Grass Natural 

Regeneration Biotic Prescribed Burn 

Cione et al. 
2002 CSS Shrub Direct Seeding 

Biotic 
 
 

Dispersal 

Mulch, Herbicide & Weeding 
 
 

Direct Seeding 

Corbin and 
D’Antonio 

2004 
Grassland Grass Transplanting 

Biotic 
 
 

Abiotic 

Absence of Exotic Species 
 
 

Addition of Sawdust 
Cox and Allen 

2008 CSS Forb Direct Seeding Biotic Herbicide, Thatch Removal & Mowing 

Cox and Allen 
2011 CSS Forb Direct Seeding Biotic Weeding Exotic Forbs and Grasses 

DeSimone and 
Zedler 1999 CSS 

Shrub 
& 

Forb 
Direct seeding 

Abiotic 
 

Biotic 

Seeded with/without Soil Disturbance, 
Irrigation 

 
Herbivore Enclosure 

Dyer et al. 
1996 Grassland Grass Direct Seeding 

Biotic 
 

Abiotic 

Seed Weight 
 

Intermound Planting 
Eliason and 
Allen 1997 CSS Shrub Transplanting Biotic Weeding Exotic Grasses 

Gillespie and 
Allen 2004 Grassland Forb Direct Seeding Biotic Prescribed Burn, Removal of Exotic Species 

Gillespie and 
Allen 2008 Grassland Forb Direct Seeding Biotic Removal of Exotic Species 

Gurney et al. 
2015 Grassland 

Forb 
& 

Grass 
Direct Seeding 

Biotic 
 

Abiotic 

Herbivore Enclosure 
 

Soil Disturbance 

Hamilton et 
al. 1999 Grassland Grass Direct seeding 

Abiotic 
 

Dispersal 

Thatch Removal, Irrigation 
 

Adding seed 

Hayes and 
Holl 2011 Grassland 

Grass  
& 

Forb 
Direct Seeding Dispersal Seed Added 

Holl et al. 
2014 Grassland Grass Transplanting Biotic Mulch, Topsoil Removed, Herbicide, 

Solarization 
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Hulvey and 
Aigner 2014 Grassland Forb Direct Seeding 

Biotic 
 
 

Dispersal 

Thatch Removal 
 
 

Density and Diversity of Seed Mix 

Kimball et al. 
2014 CSS 

Shrub  
& 

Forb 
Direct Seeding 

Biotic 
 

Dispersal 

Mowing, Herbicide 
 

Seed Mix 
Lulow 2006 Grassland Grass Transplanting Dispersal Transplanting Native Species 
Lulow et al. 

2007 Grassland Grass Direct Seeding Biotic Seeded Outside Exotic Patch 

Marquez and 
Allen 1996 CSS 

Shrub 
& 

Forb 
Direct Seeding Biotic Seed Density 

Marushia and 
Allen 2011 Grassland 

Shrub  
& 

Forb 
Direct Seeding 

Biotic 
 

Dispersal 

Mowing, Herbicide, Solarization 
 

Adding Seed 
Meyer and 
Schiffman 

1999 
Grassland Forb Natural 

Regeneration Biotic Thatch Removal, Prescribed Burn 

Moyes et al. 
2005 Grassland 

Shrub 
& 

Grass 
Direct Seeding 

Biotic 
 

Dispersal 

Prescribed Burn, Solarization 
 

Seed Added 

Orrock et al. 
2009 Grassland Grass Direct Seeding 

Biotic 
 

Dispersal 

Herbivore Enclosure 
 

Seeding Density 
Padgett et al. 

2000 CSS Shrub Direct Seeding Abiotic Irrigation 

Pec and 
Carlton 2014 CSS Forb Direct Seeding Abiotic Nurse Plants and Addition of Thatch 

Porensky et al. 
2012 Grassland 

Grass 
&  

Forb 
Direct Seeding Biotic Distance from Native Competitor 

Reynolds et 
al. 2001 Grassland Grass Direct Seeding Biotic Removal of Exotic Species Litter 

Seabloom et 
al. 2003 Grassland Forb Direct Seeding 

Biotic 
 
 

Dispersal 

Mowing & Prescribed Burn 
 

Distance from Native Patch 

Seabloom et 
al. 2003b Grassland Grass Direct Seeding 

Biotic 
 
 
 

Abiotic 

Herbivore Enclosure & Prescribed Burn 
 
 

Nitrogen Addition 

Seabloom 
2007 Grassland 

Grass 
& 

Forb 

Direct Seeding 
 

Natural 
Regeneration 

Biotic 
 

Abiotic 

Tilled, Prescribed Burn 
 

Nitrogen addition 

Stahlheber 
and 

D’Antonio 
2014 

Grassland Grass Transplanting Abiotic Distance from Oak Trees 

Stuble et al. 
2017 Grassland Grass Direct Seeding Biotic Giving Native Grasses Priority over Exotic 

Species 
Sweet and 
Holt 2015 Grassland Grass Transplanting Dispersal Density of Planted Transplants 

Talluto et al. 
2006 CSS Forb Direct Seeding 

Biotic 
 

Dispersal 

Clipping Exotic Species 
 

Adding Seed 

Tamura et al. 
2017 CSS 

Shrub  
& 

Forb 
Direct Seeding Dispersal Different Direct Seeding Methods 

Thomson et 
al. 2016 Grassland Forb Direct Seeding Dispersal Direct Seeding 

Vaughn and 
Truman 2015 Grassland Grass Direct Seeding Biotic Give Native Grasses Priority over Exotic 

Species 
Wainwright et 

al. 2012 CSS Shrub Direct Seeding Abiotic Irrigation 

Werner et al. 
2016 Grassland Grass 

& Direct Seeding Biotic 
 

Native Grass and Forbs Given Priority Over 
Each Other 
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Forb Dispersal  
Added Seed 

Young et al. 
2015 Grassland 

Grass 
& 

Forb 
Direct Seeding Biotic Aggregate and Interspersed Planting Design & 

Prescribed Burn 

Young and 
Claassen 2008 Grassland Grass Direct Seeding Biotic Prescribed Burn & Herbicide 

Young et al. 
2015b Grassland Grass Direct Seeding 

Biotic 
 
 

Abiotic 

Native Grasses Given Priority 
 
 

Irrigation 

Young et al. 
2017  Grassland 

Grass 
& 

Forb 
Direct Seeding Biotic Native Grasses Given Priority 
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Table S1.2 A list of the species in the studies that were included in the meta-analysis 

Genus Species Family Functional 
Group Lifespan Ecosystem Reference 

Achillea millefolium Asteraceae 
forb 

perennial grassland Werner et al. 2016 
Young et al. 2018 

Acmispon 

americanus Fabaceae 
forb 

annual grassland Brown and Bugg 2001 
Werner et al. 2016 

brachycarpus Fabaceae 
forb 

annual grassland Meyer and Schiffman 1999 

glaber Fabaceae 

forb 

perennial sage scrub, 
grassland 

Bell et al. 2016 
Tamura et al. 2017 
Kimball et al. 2013 
Padgett et al. 2000 

DeSimone and Zedler 1999 

micranthus Fabaceae 
forb 

annual grassland Allen et al. 2005 

strigosus Fabaceae 
forb 

annual sage scrub, 
grassland 

Bell et al. 2016 
Allen et al. 2005 

Agrostis idahoensis Poaceae grass perennial Grassland Corbin and D’Antonio 2004 

Amsinckia 

grandiflora* Boraginaceae forb annual Grassland Carlsen et al. 2000 
intermedia Boraginaceae forb annual Grassland Marushia and Allen 2011 

menziesii 

Boraginaceae forb 

annual grassland, sage 
scrub 

Allen et al. 2005 
Thomson et al. 2016 

Seabloom 2007 
Kimball et al. 2013 
Talluto et al. 2006 

tessellata Boraginaceae forb annual Grassland Meyer and Schiffman 1999 
Antirrhinum coulterianum Plantaginaceae forb annual Grassland Marushia and Allen 2011 

Artemisia californica Asteraceae shrub perennial grassland, sage 
scrub 

Cione et al. 2002 
Cox and Allen 2008 
Cox and Allen 2011 

Eliason and Allen 1997 
Padgett et al. 2000 
Tamura et al. 2017 
Kimball et al. 2013 

DeSimone and Zedler 1999 
Marquez and Allen 1996 

Moyes et al. 2005 
Allen et al. 2005 
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Asclepias fascicularis Apocynaceae forb perennial grassland, sage 
scrub 

Brown and Bugg 2001 
Kimball et al. 2013 
Young et al. 2018 

Baccharis pilularis Asteraceae shrub perennial CSS Padgett et al. 2000 

Bromus carinatus 

Poaceae grass perennial Grassland Bugg et al. 1997 
Seabloom et al. 2003b 

Stuble et al. 2017 
Vaughn and Truman 2015 

Young et al. 2015b 
Young et al. 2018 
Seabloom 2007 

Calamagrostis nutkaensis Poaceae grass perennial Grassland Reynolds et al. 2001 

Calandrinia menziesii 

Montiaceae forb annual Grassland, sage 
scrub 

Allen et al. 2005 
Gurney et al. 2015 
Werner et al. 2016 
Young et al. 2015 

Marushia and Allen 2011 
Kimball et al. 2013 

California macrophylla 
Geraniaceae forb annual Grassland Gillespie and Allen 2004 

Gillespie and Allen 2008 
Calystegia macrostegia Convolvulaceae forb perennial CSS Kimball et al. 2013 
Camissonia  Onagraceae forb annual Grassland Allen et al. 2005 

Camissoniopsis bistorta 
Onagraceae forb annual Grassland Allen et al. 2005 

Thomson et al. 2016 
Marushia and Allen 2011 

Castilleja exserta Orobanchaceae 

forb 

annual grassland, sage 
scrub 

Allen et al. 2005 
Cox and Allen 2008 
Cox and Allen 2011 
Tamura et al. 2017 

Marushia and Allen 2011 
Centromadia pungens Asteraceae forb annual grassland Marushia and Allen 2011 

Chaenactis artemisiifolia Asteraceae forb annual sage scrub Tamura et al. 2017 
glabriuscula Asteraceae forb annual sage scrub Tamura et al. 2017 

Clarkia 
purpurea Onagraceae forb annual grassland Allen et al. 2005 

purpurea ssp. 
quadrivulnera Onagraceae forb annual grassland Thomson et al. 2016 

Conyza canadensis Asteraceae forb annual grassland Allen et al. 2005 
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Corethrogyne filaginifolia Asteraceae 

forb 

perennial grassland, sage 
scrub 

Allen et al. 2005 
Cox and Allen 2008 
Cox and Allen 2011 

Marushia and Allen 2011 

Crassula connata Crassulaceae forb annual grassland Allen et al. 2005 
Crocanthemum aldersonii Cistaceae shrub perennial sage scrub Bell et al. 2016 

Croton setiger Euphorbiaceae   
forb 

annual grassland, sage 
scrub 

Allen et al. 2005 
Young et al. 2018 

Kimball et al. 2013 

Cryptantha 

intermedia Boraginaceae   
forb 

annual grassland, sage 
scrub 

Bell et al. 2016 
Tamura et al. 2017 

Marushia and Allen 2011 

muricata Boraginaceae   
forb 

annual sage scrub Pec and Carlton 2014 
Talluto et al. 2006 

Cucurbita foetidissima Cucurbitaceae forb perennial sage scrub Kimball et al. 2013 
Danthonia californica Poaceae grass perennial grassland Buisson et al. 2006 

Daucus pusillus Apiaceae forb annual grassland Allen et al. 2005 

Deinandra 

fasciculata Asteraceae 

forb 

annual grassland, sage 
scrub 

Allen et al. 2005 
Tamura et al. 2017 

Wainwright et al. 2012 
Kimball et al. 2013 

kelloggii Asteraceae 
forb 

annual grassland Allen et al. 2005 

Deschampsia caespitosa ssp. 
holciformis Poaceae  grass perennial grassland Reynolds et al. 2001 

Dichelostemma capitatum Themidaceae forb perennial sage scrub Cox and Allen 2008 
Diplacus aurantiacus Phrymaceae shrub perennial sage scrub Cione et al. 2002 

Elymus 
 

condensatus Poaceae grass perennial sage scrub Kimball et al. 2013 

glaucus Poaceae 

grass 

perennial grassland 

Brown and Rice 2000 
Bugg et al. 1997 

Seabloom et al. 2003b 
Stubel et al. 2017 
Young et al. 2015 

Young and Claassen 2008 
Young et al. 2015b 
Young et al. 2018 
Seabloom 2007 

Lulow 2006 
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Lulow et al. 2007 
Holl et al. 2014 

Vaughn and Truman 2015 

multisetus Poaceae 
grass 

perennial grassland 
Bugg et al. 1997 

Young and Claassen 2008 
Lulow et al. 2007 

trachycaulus Poaceae grass perennial grassland Bugg et al. 1997 
trachycaulus ssp. 

majus Poaceae grass perennial grassland Bugg et al. 1997 

triticoides Poaceae grass perennial grassland Young and Claassen 2008 
Lulow 2006 

Encelia californica Asteraceae shrub perennial sage scrub 

Aprahamian et al. 2016 
Padgett et al. 2000 

Wainwright et al. 2012 
Kimball et al. 2013 
Tamura et al. 2017 

Ericameria palmeri Asteraceae shrub perennial grassland Allen et al. 2005 
Erigeron foliosus Asteraceae forb annual grassland Allen et al. 2005 

Eriogonum fasciculatum Polygonaceae shrub perennial grassland,  
sage scrub 

Allen et al. 2005  
Aprahamian et al. 2016 

Bell et al. 2016 
Cione et al. 2002 

Cox and Allen 2008 
Padgett et al. 2000 
Tamura et al. 2017 

Marushia and Allen 2011 
Kimball et al. 2013 

DeSimone and Zedler 1999 

Eriogonum fasciculatum ssp. 
foliosum Polygonaceae  shrub perennial sage scrub Cox and Allen 2011 

Eriophyllum confertiflorum Asteraceae shrub perennial sage scrub Bell et al. 2016 

Erythanthe guttata Phrymaceae forb 
annual or 
perennial grassland Allen et al. 2005 

Eschscholzia californica Papaveraceae 

forb 

annual or 
perennial 

grasslands,  
sage scrub 

Allen et al. 2005 
Brown and Bugg 2001 

Young et al. 2018 
Kimball et al. 2013 
Tamura et al. 2017 

Eucrypta chrysanthemifolia Boraginaceae forb annual sage scrub Tamura et al. 2017 
Euphorbia albomarginata Euphorbiaceae forb perennial grassland Allen et al. 2005 
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Festuca 

idahoensis Poaceae grass perennial grassland Bugg et al. 1997 
microstachys Poaceae grass annual grassland Gurney_2015 

rubra Poaceae 
grass 

perennial grassland 
Bugg et al. 1997 

Corbin and D’Antonio 2004 
Reynolds et al. 2001 

Galium aparine Rubiaceae forb annual sage scrub Kimball et al. 2013 

Grindelia camporum Asteraceae 
forb 

perennial grassland Porensky et al. 2012 
Young et al. 2015 

Gutierrezia californica Asteraceae shrub or 
forb 

perennial grassland,  
sage scrub 

Allen et al. 2005 
Cox and Allen 2011 

Hemizonia congesta ssp. 
luzulifolia Asteraceae forb annual grassland Hulvey and Aigner 2014 

Hordeum 

brachyantherum Poaceae grass perennial grassland 

Stuble et al. 2017 
Werner er al 2016 

Young and Claassen 2008 
Young et al. 2015b 
Young et al. 2018 

Lulow 2006 
Holl et al. 2014 

brachyantherum 
ssp. 

brachyantherum 
Poaceae grass perennial grassland 

Brown and Rice 2000 
Bugg et al. 1997 

Young and Claassen 2008 

brachyantherum 
ssp. californicum Poaceae grass perennial grassland Vaughn and Truman 2015 

Young and Claassen 2008 

Isocoma menziesii Asteraceae shrub perennial sage scrub Tamura et al. 2017 

Keckiella antirrhinoides Plantaginaceae shrub perennial grassland,  
sage scrub 

Cione et al. 2002 
Marushia and Allen 2011 

Koeleria macrantha Poaceae grass perennial grassland Werner et al. 2016 
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Lasthenia californica Asteraceae forb annual grassland,  
sage scrub 

Seabloom et al. 2003 
Marushia and Allen 2011 

Talluto et al. 2006 
Cox and Allen 2008 
Cox and Allen 2011 

Layia platyglossa Asteraceae forb annual grassland Marushia and Allen 2011 

Lepidium nitidum Brassicaceae forb annual grassland,  
sage scrub 

Allen et al. 2005 
Gurney et al. 2015 
Talluto et al. 2006 

Lupinus 
 

bicolor Fabaceae forb annual or 
perennial 

grassland,  
sage scrub 

Allen et al. 2005 
Cox and Allen 2008 
Cox and Allen 2011 
Tamura et al. 2017 
Talluto et al. 2006 

formosus Fabaceae forb perennial grassland Werner et al. 2016 

microcarpus ssp. 
densiflorus 

Fabaceae 
forb annual grassland Brown and Bugg 2001 

sparsiflorus 
Fabaceae 

forb annual sage scrub Cox and Allen 2011 

succulentus 

Fabaceae 

forb annual grassland,  
sage scrub 

Brown and Bugg 2001 
Kimball et al. 2013 

Marquez and Allen 1996 
Tamura et al. 2017 

truncatus 
Fabaceae 

forb annual sage scrub Talluto et al. 2006 

Madia gracilis Asteraceae forb annual grassland Hulvey and Aigner 2014 
Malacothamnus fasciculatus Malvaceae shrub perennial sage scrub Cione et al. 2002 

Malacothrix saxatilis Asteraceae forb perennial sage scrub Tamura et al. 2017 
Kimball et al. 2013 

Marah macrocarpa Cucurbitaceae forb or vine perennial sage scrub Bell et al. 2016 

Melica californica Poaceae grass perennial grassland 

Bugg et al. 1997 
Young et al. 2015 

Lulow 2006 
Brown and Rice 2000 
Porensky et al. 2012 
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imperfecta Poaceae grass perennial grassland Bugg et al. 1997 

Mirabilis laevis ssp. 
crassifolia Nyctaginaceae forb perennial sage scrub Aprahamian et al. 2016 

Tamura et al. 2017 
Monolopia lanceolata Asteraceae forb annual grassland Meyer and Schiffman 1999 

Nassella 

cernua Poaceae grass perennial grassland 

Brown and Rice 2000 
Seabloom et al. 2003b 

Seabloom 2007 
Bugg et al. 1997 

pulchra Poaceae grass perennial grassland 

Brown and Rice 2000 
Bugg et al. 1997 

Buisson et al. 2008 
Corbin and D’Antonio 2004 

Orrock et al. 2009 
Seabloom et al. 2003b 

Vaughn and Truman 2015 
Seabloom 2007 

Hamilton et al. 1999 
Lulow 2006 

Lulow et al. 2007 
Moyes et al. 2005 

Hayes and Holl 2011 
Allen et al. 2005 

Reynolds et al. 2001 
Navarretia atractyloides Polemoniaceae forb annual grassland Allen et al. 2005 
Nemophila menziesii Boraginaceae   forb annual grassland Marushia and Allen  2011 

Nuttallanthus canadensis Schrophulariaceae forb annual or 
biennial grassland Marushia and Allen  2011 

Allen et al. 2005 
Pectocarya linearis Boraginaceae forb annual grassland Allen et al. 2005 

Phacelia 

cicutaria Boraginaceae forb annual sage scrub Tamura et al. 2017 
Kimball et al. 2013 

ciliata Boraginaceae forb annual grassland Meyer and Schiffman 1999 
distans Boraginaceae forb annual grassland Marushia and Allen  2011 
parryi Boraginaceae forb annual sage scrub Tamura et al. 2017 

tanacetifolia Boraginaceae forb annual grassland Brown and Bugg 2001 

Plagiobothrys 
canescens Boraginaceae forb annual grassland Allen et al. 2005 

nothofulvus Boraginaceae forb annual grassland Allen et al. 2005 
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Plantago erecta Plantaginaceae   forb annual grassland,  
sage scrub 

Allen et al. 2005 
Seabloom et al. 2003 

Marushia and Allen  2011 
Talluto et al. 2006 
Tamura et al. 2017 

Plantago ovata Plantaginaceae   forb annual grassland Allen et al. 2005 

Poa 
secunda Poaceae grass perennial grassland 

Carlsen et al. 2017 
Gurney et al. 2015 

Seabloom et al. 2003b 
Stalheber and D’Antonio 

2014 
Werner et al. 2016 

Young and Claassen 2008 
Seabloom 2007 

Lulow et al. 2007 
secunda ssp. 

secunda Poaceae grass perennial grassland Brown and Rice 2000 
Bugg et al. 1997 

Salvia 

apiana Lamiaceae shrub perennial grassland,  
sage scrub 

Aprahamian et al. 2016 
Cione et al. 2002 

Cox and Allen 2011 
Tamura et al. 2017 
Kimball et al. 2013 

DeSimone and Zedler 1999 

columbariae Lamiaceae forb 
annual grassland,  

sage scrub 
Tamura et al. 2017 

Marushia and Allen  2011 

mellifera Lamiaceae shrub 

perennial 

sage scrub 

Aprahamian et al. 2016 
Cione et al. 2002 

Padgett et al. 2000 
Tamura et al. 2017 

Sanicula arguta Apiaceae forb perennial grassland Allen et al. 2005 

Sisyrinchium bellum Iridaceae forb perennial grassland 
Allen et al. 2005 

Brown and Bugg 2001 
Hayes and Holl 2011 

Stephanomeria exigua Asteraceae forb annual grassland Allen et al. 2005 

Stipa pulchra Poaceae grass perennial grassland 

Stahlheber and D’Antonio 
2014 

Stuble et al. 2017 
Sweet and Holt 2015 
Werner et al. 2016 
Young et al. 2015 
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Young and Caassen 2008 
Young et al. 2015b 
Young et al. 2018 
Dyer et al. 1996 
Holl et al. 2014 

Stylocline gnaphaloides Asteraceae forb annual grassland Allen et al. 2005 
Tetradymia comosa Asteraceae shrub perennial grassland Allen et al. 2005 
Trichostema lanceolatum Lamiaceae forb annual grassland Allen et al. 2005 

Trifolium 

spp. Fabaceae forb annual grassland Allen et al. 2005 
albopurpureum Fabaceae forb annual grassland Allen et al. 2005 

bifidum Fabaceae forb annual grassland Young et al. 2015 
Porensky et al. 2012 

willdenovii Fabaceae forb annual grassland Young et al. 2015 
Tropidocarpum gracile Brassicaceae forb annual grassland Allen et al. 2005 

Uropappus lindleyi Asteraceae forb annual grassland Allen et al. 2005 
**   grass  grassland Alpert and Maron 2000 

***   forb  grassland Alpert and Maron 2000 
**natural recruitment, 5 native grasses  
***natural recruitment, 20-21 native forbs 
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Fig S5.1 the location of all the study sites include in the meta-analysis.  The triangles 
represent the experiments conducted on grassland ecosystems while the circles represent 

studies conducted in sage scrub ecosystems 
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Fig S1.6: Funnel plots visualizing the distribution of observed effect sizes  for both our grass (A) and sage scrub (B) studies against standard error. These 
both show a bias towards higher precision studies (lower standard error) and positive outcomes. 
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Table S2.3 linear regression models comparing the growth (basal circumference), reproduction, and 
survival of stipa pulchra from each seed source location and the 10 different climate variables 

Year & Common 
Garden 

X variable Y variable Linear Regression 

2018 Santa Cruz 

Basal Circumference 

January Max VP y=-0.137x+12.76 
March Max VPD y=-0.104x+12.43 
May Max VPD y=-0.07x+12.11 

January 
Precipitation y=0.017x+9.45 

February 
Precipitation y=0.018x+9.17 

March Precipitation y=0.025x+9.25 
April Precipitation y=0.05x+9.53 
May Precipitation y=0.102x+10.14 

Annual Precipitation y=0.003x+9.81 
Rain Events y=0.118x+8.75 

Reproductive Output 

January Max VP y=0.005x+0.105 
March Max VPD y=0.005x+0.097 
May Max VPD y=0.004x+0.105 

January 
Precipitation y=0.0008x+0.061 

February 
Precipitation y=0.001x+0.025 

March Precipitation y=0.0007x+0.0914 
April Precipitation y=0.0018x+0.092 
May Precipitation y=0.004x+0.106 

Annual Precipitation y=-0.00002x+0.009 
Rain Events y=0.0014x+0.1226 

Survival Rate 

January Max VP y=2.033x+37.04 
March Max VPD y=2.895x+38.22 
May Max VPD y=1.243x+54.58 

January 
Precipitation y=-0.2251x+93.6=52 

February 
Precipitation y=-0.1824x+91.23 

March Precipitation y=-0.189x+84.61 
April Precipitation y=-0.8578x+97.22 
May Precipitation y=-1.687x+88.47 

Annual Precipitation y=-0.043x+9.26 
Rain Events y-1.274x+96.61 

2018 Sedgwick Basal Circumference 

January Max VP y=0.075x+10.55 
March Max VPD y=0.09x+10.37 
May Max VPD y=0.073x+10.48 

January 
Precipitation y=0.007x+10.59 

February 
Precipitation y=0.099x+10.10 

March Precipitation y=0.014x+10.18 
April Precipitation y=0.021x+10.64 
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May Precipitation y=0.0348x+10.92 
Annual Precipitation y=0.0012x+10.65 

Rain Events y=-0.024x+11.85 

Reproductive Output 

January Max VP y=0.0022x+0.071 
March Max VPD y=0.0027x+0.0658 
May Max VPD y=0.0037x+0.052 

January 
Precipitation y=0.0007x+0.0191 

February 
Precipitation y=0.0008x-0.0033 

March Precipitation y=0.0008x+0.032 
April Precipitation y=0.002x+0.0286 
May Precipitation y=0.004x+0.049 

Annual Precipitation y=0.0001x+0.031 
Rain Events y=-0.0004x+0.103 

Survival Rate 

January Max VP y=-0.3507x+53.11 
March Max VPD y=-0.3027x+52.63 
May Max VPD y=-0.087x+50.42 

January 
Precipitation y=-0.069x+56.97 

February 
Precipitation y=-0.095x+61.03 

March Precipitation y=0.089x+42.006 
April Precipitation y=0-0.048x+51.01 
May Precipitation y=-0.3167x+53.11 

Annual Precipitation y=-0.005x+52.25 
Rain Events y=-0.4882x+60.06 

2018 Stunt Ranch 

Basal Circumference 

January Max VP y=-0.1735x+13.22 
March Max VPD y=-0.1549x+13.04 
May Max VPD y=-0.091x+12.44 

January 
Precipitation y=0.014x+9.848 

February 
Precipitation y=0.013x+9.75 

March Precipitation y=0.0122x+10.38 
April Precipitation y=0.047x+9.82 
May Precipitation y=0.098x+10.26 

Annual Precipitation y=0.002x+10.09 
Rain Events y=0.0102x+9.17 

Reproductive Output 

January Max VP y=-0.039x+0.921 
March Max VPD y=-0.038x+0.914 
May Max VPD y-0.0148x+0.6823 

January 
Precipitation y=0.00003x+0.051 

February 
Precipitation y=-0.007x+0.6011 

March Precipitation y=0.0008x+0.4459 
April Precipitation y=0.006x+0.3137 
May Precipitation y=0.009x+0.406 
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Annual Precipitation y=0.0002x+0.3835 
Rain Events y=0.004x+0.435 

Survival Rate 

January Max VP y=2.145x+56.92 
March Max VPD y=1.615x+62.34 
May Max VPD y=0.773x+70.55 

January 
Precipitation y=-0.2869x+110.86 

February 
Precipitation y=-0.2966x+115.809 

March Precipitation y=-0.4153x+114.02 
April Precipitation y=-0.9968x+112.38 
May Precipitation y=-1.8375x+100.8 

Annual Precipitation y=-0.0512x+107.37 
Rain Events y=-1.853x+119.793 

2019 Santa Cruz 

Basal Circumference 

January Max VP y=0.2841x+15.05 
March Max VPD y=0.2566x+15.32 
May Max VPD y=0.071x+17.21 

January 
Precipitation y=0.0147x+16.41 

February 
Precipitation y=0.029x+14.48 

March Precipitation y=-0.064x+23.34 
April Precipitation y=-0.03x+19.02 
May Precipitation y=0.0414x+17.55 

Annual Precipitation y=-0.0003x+18.21 
Rain Events y=0.3402x+10.62 

Reproductive Output 

January Max VP y=0.04x+0.325 
March Max VPD y=0.036x+0.363 
May Max VPD y=0.026x+0.442 

January 
Precipitation y=0.008x-0.108 

February 
Precipitation y=0.009x-0.424 

March Precipitation y=-0.0022x+0.935 
April Precipitation y=0.011x+0.376 
May Precipitation y=0.036x+0.323 

Annual Precipitation y=0.0008x+0.287 
Rain Events y=0.029x+0.095 

2019 Sedgwick Basal Circumference 

January Max VP y=0.118x+14.97 
March Max VPD y=0.11x+15.05 
May Max VPD y=0.079x+15.29 

January 
Precipitation y=0.007x+15.45 

February 
Precipitation y=0.0066x+15.39 

March Precipitation y=0.015x+14.91 
April Precipitation y=0.0019x+16.14 
May Precipitation y=0.003x+16.16 

Annual Precipitation y=0.0004x+15.99 
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Rain Events y=-0.163x+19.75 

Reproductive Output 

January Max VP y=0.185x+0.67 
March Max VPD y=0.164x+0.885 
May Max VPD y=0.133x+1.09 

January 
Precipitation y=0.018x+0.621 

February 
Precipitation y=0.019x+236 

March Precipitation y=0.011x+1.67 
April Precipitation y=0.019x+1.99 
May Precipitation y=0.055x+1.97 

Annual Precipitation y=0.002x+1.71 
Rain Events y=-0.128x+5.411 

2019 Stunt Ranch 

Basal Circumference 

January Max VP  
March Max VPD y=-0.03x+14.53 
May Max VPD y=0.0115x+14.09 

January 
Precipitation y=-0.011x+14.34 

February 
Precipitation y=0.041x+9.76 

March Precipitation y=0.044x+8.86 
April Precipitation y=0.049x+10.05 
May Precipitation y=0.088x+11.30 

Annual Precipitation y=0.1183x+12.09 
Rain Events y=0.005x+11.44 

Reproductive Output 

January Max VP y=0.139x-0.051 
March Max VPD y=0.118x+0.1647 
May Max VPD y=0.069x+0.645 

January 
Precipitation y=0.002x+1.158 

February 
Precipitation y=0.0025x+1.103 

March Precipitation y=-0.0027x+1.637 
April Precipitation y=-0.019x+2.033 
May Precipitation y=-0.0238x+1.69 

Annual Precipitation y=-0.0006x+1.75 
Rain Events y=-0.1019x+3.64 
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Table S3.4 The soil characteristics of each plot in the Drought Net Experiment 
Plot Treatment % 

Clay 
% Silt % 

Sand 
% C % N 

1 Drought 20.41 31.74 47.85 2.43 0.23 
2 Drought 21.72 28.26 50.02 1.84 0.17 
3 Control 26.04 35.6 39.36 2.22 0.23 
4 Water + 25.23 33.81 40.96 2.42 0.24 
5 Water + 26.06 40.19 33.75 2.33 0.25 
6 Control 31.76 34.43 33.81 2.12 0.23 
7 Water + 35.63 30.89 33.48 1.58 0.17 
8 Control 35.23 31.52 33.25 2.08 0.21 
9 Water + 40.39 31.71 27.9 1.64 0.19 
10 Drought 33.01 32.59 34.4 2.31 0.23 
11 Drought 25.63 37.28 37.09 2.61 0.26 
12 Drought 23.47 34.64 41.89 2.3 0.23 
13 Water + 25.66 36.49 37.85 2.09 0.22 
14 Control 22.96 36.42 40.62 2.03 0.22 
15 Control 25.31 38.59 36.1 2.89 0.28 
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Figure S3.7 The linear relationship between percent clay and the survival rate of Stipa pulchra in the drought (red), ambient (blue) and water addition 
(green) treatments in the three years of the experiment. The grey area represents the 95% confidence intervals. 
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Figure S3.8  The linear relationship between percent clay and the basal circumference (cm) of Stipa pulchra in the drought (red), ambient (blue) 
and water addition (green) treatments in the three years of the experiment. The grey area represents the 95% confidence intervals. 
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Figure S3.9 The linear relationship between percent clay and the number of culms on Stipa pulchra in the drought (red), ambient (blue) and water 
addition (green) treatments in the three years of the experiment. The grey area represents the 95% confidence intervals. 
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Figure S3.10 The percent cover and density of the native and exotic communities in the drought (red), ambient (blue) and water addition (green) treatments in the 
three years of the experiment. Error bars represents + SE and letters represent the results of the ANCOVA test conducted to test the difference between treatments in 

each year. 
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Figure S3.11 The linear relationship between percent clay and the species present in the drought (red), ambient (blue) and water addition 
(green) treatments in the three years of the experiment. The grey area represents the 95% confidence intervals. 
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