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Abstract

Danthonia californica is a native perennial bunchgrass commonly used in the restoration of prairie ecosystems
in the western United States. Plants of this species simultaneously produce both chasmogamous (potentially
outcrossed) and cleistogamous (obligately self-fertilized) seeds. Restoration practitioners almost exclusively
use chasmogamous seeds for outplanting, which are predicted to perform better in novel environments due
to their greater genetic diversity. Meanwhile, cleistogamous seeds may exhibit greater local adaptation to
the conditions in which the maternal plant exists. We performed a common garden experiment at two
sites in the Willamette Valley, Oregon to assess the influence of seed type and source population (eight
populations) on germination and found no evidence of local adaptation for either seed type. Cleistogamous
seeds outperformed chasmogamous seeds regardless of whether seeds were sourced directly from the common
gardens (local seeds), or other populations (nonlocal seeds). Furthermore, average seed weight had a strong
positive effect on germination success, despite the fact that chasmogamous seeds had significantly greater
mass than cleistogamous seeds. At one common garden we observed that seeds of both types sourced from
north of our planting site performed significantly better than local or southern-sourced seeds. We also
found a significant seed type and distance-dependent interaction, with cleistogamous germination peaking
approximately 125km from the garden, which may be explained by differences in the pathogen content of
cleistogamous and chasmogamous seeds. These results suggest that cleistogamous seeds should be considered
for greater use in D. californica restoration.
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Introduction

Seed provenance is an important consideration for restoration practitioners seeking to re-seed grassland
ecosystems (Bischoff et al. 2006, Vander Mijnsbrugge et al. 2010, Bischoff et al. 2010, Breed et al. 2018).
Seemingly minor differences in the fitness of seeds sourced from different populations can have profound
effects on the establishment of focal plant populations at an ecosystem scale (Middleton et al. 2010, Seifert
& Fischer 2010). In 2020, the United Nations declared 2021-2030 the “Decade on Ecosystem Restoration”
(UNEP and FAO, 2020). Grasslands have high potential for restoration under this declaration, but careful
planning is needed to ensure long term success (Dudley et al. 2020). To achieve ambitious global restoration
targets for grassland ecosystems, research on the relationship between seed provenance and plant fitness is
urgently needed (Breed et al. 2018).

Restoration practitioners must consider the degree of local adaptation - the superior fitness of local genotypes
- for plant species used in their projects. Populations under intense selective pressure are more likely to show
local adaptation, providing them with a distinct “home” advantage over nonlocal populations at a given
location (Joshi et al. 2001, Breed et al. 2018). Although intuitive from an evolutionary perspective, local
adaptation is certainly not universal (Bischoff et al. 2006, Leimu & Fischer 2008, DeMarche et al. 2019).
Ecologists frequently use reciprocal transplant and common garden experiments to measure the degree
to which local adaptation exists in plant populations (Hereford 2010). Approximately 70% of reciprocal
transplant studies show local adaptation (Leimu & Fischer 2008, Hereford 2009), which likely depends upon
three variables (Hereford 2009): the difference in selection pressure between local and nonlocal genotypes
(Schluter & Grant 1984), the amount of gene flow between populations (Garcia-Ramos & Kirkpatrick 1997,
Lenormand 2002, Kawecki & Ebert 2004), and the genetic structure of each population (Linhart & Grant
1996).

Differences in selection pressure between populations are likely linked to differences in site environmental
characteristics, which is often closely related to geographic distance (Leimu & Fischer 2008, Hereford 2009).
Theory predicts that as environmental and geographic distance increase between populations, so too should
the magnitude of local adaptation (Garcia-Ramos & Kirkpatrick 1997, Joshi et al. 2001). The underlying
logic is simple; genotypes proven to perform well in a site should continue to do so in the future, while geno-
types sourced from elsewhere may not, especially as the differentiation between sites increases. The degree



of local adaptation thus varies among populations and can be difficult to predict (Leimu & Fischer 2008,
Gaillart et al. 2019). With germination being the critical first step in plant establishment, understanding
how seeds germinate near and far from their maternal plants can help elucidate the degree of local adaptation
in plant populations.

Another consideration for choosing seed sources for restoration is how to best maintain genetic diversity
(McKay et al. 2005). Although most plant species produce a single type of seed, many exhibit seed het-
eromorphism — the production of multiple seed types. Nearly 700 angiosperm species exhibit cleistogamy,
a breeding system that includes permanently closed, obligately self-pollinated flowers (Culley & Klooster
2007). The majority of these species are classified as dimorphically cleistogamous, producing seeds from
both cleistogamous and chasmogamous (more typical, externally pollinated) flowers (Culley & Klooster
2007, Baskin & Baskin 2017). As such, cleistogamous seeds are likely to have less genetic diversity than
their potentially outcrossed chasmogamous counterparts and could be more prone to inbreeding depression
(Culley & Klooster 2007). Cleistogamous seeds also typically disperse much shorter distances than chasmog-
amous seeds (Schoen & Loyd 1984, Culley & Klooster 2007, Auld & de Casas 2013, Baskin & Baskin 2017),
and average seed weight can differ substantially between the two types (Waller 1982). There are, however,
several evolutionary advantages to cleistogamy, including insurance in the absence of external pollination,
the reduced energy cost of production, and the retention of locally adapted gene complexes (Schoen & Loyd
1984, Culley & Klooster 2007, Baskin & Baskin 2017). Indeed, a review of field and lab studies comparing
the germination of cleistogamous and chasmogamous seeds found that a higher proportion of cleistogamous
seeds germinated in two-thirds of cases (Baskin & Baskin 2017). The inherent differences in genetic diversity
and dispersal between these two seed types suggest that chasmogamous seeds might be better suited for
success in novel environments, while cleistogamous seeds may perform better in the immediate vicinity of
their maternal plant (Schoen & Lloyd 1984, Culley & Klooster 2007).

To date, researchers have mostly recommended the use of locally-sourced seeds for restoration (Bischoff et
al. 2010, Vander Mijnsbrugge et al. 2010, Bucharova et al. 2017), despite approximately 30% of plant
populations surveyed not showing local adaptation (Hereford 2009). In these cases, stringent seed sourcing
restrictions likely inhibit the genetic diversity of the restored population, which may have negative effects
on the population’s ability to respond to changing environmental conditions (Broadhurst et al. 2008, Miller
et al. 2011). There is growing support for the use of nonlocal seeds sourced from populations that may be
better adapted to future climatic conditions, as the use of climate-adapted genotypes could facilitate the
maintenance of ecosystem services and critical habitat structure (Broadhurst et al. 2008, Bischoff et al.
2010, Kreyling et al. 2011, Ramalho et al. 2017). Climate-motivated translocation of seeds is controversial,
however, as it relies on a series of assumptions that are difficult to test. These assumptions include that the
seeds are sufficiently adapted to their local climate, that this climate adequately matches the future climate
of the restoration site, that the nonlocal seeds will germinate and establish in a restored site under current
conditions (Kreyling et al. 2011), and that climate is the most important driver of performance (DeMarche
et al. 2019). While considering the long-term effects of introducing novel genotypes, the germination of
nonlocal seeds in a novel environment needs further study to ensure such an approach is feasible in the first
place (Bucharova et al. 2017, Breed et al. 2018).

Danthonia californica , a perennial bunchgrass native to western North America, is commonly used in the
restoration of prairie ecosystems in the Pacific Northwest, USA (Buisson et al. 2006, Hayes & Holl 2011,
Stanley et al. 2011, Pfeifer-Meister et al. 2012). Individuals produce both chasmogamous and cleistogamous
seeds (Appendix A; A,B), the latter of which are enclosed within the stem. Cleistogamous seeds are difficult
to remove manually, potentially contributing to their infrequent use inD. californica restoration (Hayes &
Holl 2011). Although mating system generally does not influence the degree of local adaptation across species
(Hereford 2010), many studies have shown different fitness and local adaptation patterns for conspecific seeds
produced via different mating systems (Schmitt & Gamble 1990, Lovell et al. 2014, Rushworth et al. 2020).
However, the applied aspects of mating-system dependent seed selection for restoration are relatively rare in
the literature (Coulter 1914, Charlesworth 2007, Rushworth et al. 2020). Danthonia californica thus provides
an excellent opportunity to study the impacts of sourcing distance and mating system on local adaptation



in an ecosystem restoration context.

Here, we devised a common garden experiment using both chasmogamous and cleistogamous seeds collected
from eight natural populations of D. californica across a latitudinal gradient in western Oregon and Wash-
ington, USA (Figure 1A). Our design allowed us to ask whether the effects of seed source origin (local vs.
nonlocal) on germination are dependent on seed type, and whether there are other factors about seed source
origin, such as the distance or direction (north or south) from the common garden, latitude, or average seed
weight, that help explain germination patterns across source populations. Additionally, we experimented
with seed processing techniques to facilitate cleistogamous seed preparation and decrease processing time
for heteromorphic seed planting. This is necessary because cleistogamous seeds remain in the stem and are
difficult to remove and separate.

We hypothesized the following: Hla: At each common garden, we predicted that both cleistogamous and
chasmogamous seeds originating from that site (local seeds) would outperform seeds originating from other
source populations (nonlocal seeds), regardless of whether the nonlocal seeds originated to the south or north
of the common garden.H1b: However, we expected that the degree of local adaptation would depend on seed
type. If inbreeding depression compromises local adaptation, then we would expect local chasmogamous seeds
to outperform local cleistogamous seeds. Alternatively, if gene flow limits local adaptation, then we would
expect local cleistogamous seeds to outperform local chasmogamous seeds. H2: Furthermore, we expected
germination to decrease with increasing distance between source population and common garden (both
geographic and environmental distance - the similarity in environmental conditions such as temperature,
precipitation, etc.), considering that the magnitude of local adaptation between common garden and source
sites should increase as distance does.H3: Finally, we predicted that nonlocal seed germination would
decrease with increasing latitude, as seeds sourced from southern populations would outperform seeds sourced
from northern populations due to recent climate warming. Demographic studies of natural D. californica
populations, including most of the populations studied here, revealed that population growth rate decreases
with increasing latitude and that locally, the population growth rate decreases under warmer and drier
conditions (DeMarche et al. 2021). Thus, it follows that the higher-performing nonlocal seeds at the two
common gardens should be those adapted to warmer and drier conditions (i.e., more southern populations).

Materials and Methods
Ezxperimental Design

We selected two natural D. californica populations located outside of Eugene, Oregon as common garden
sites for our experiment. The first common garden, Hazel Dell (hereafter HD; N44.01979, W123.21823,
157 masl), is a seasonal wet prairie at the southern end of the Willamette Valley (Appendix A; C). The
second common garden, Horse Rock Ridge (hereafter HR; N44.29877, W122.87984, 570 masl), is an exposed
ridgeline in the Coburg Hills (Appendix A; D), which are foothills of the Cascade Mountains. While these
two sites are geographically close relative to the entire latitudinal range from which we sourced seeds (Fig.
1A), they represent very different ecological extremes at approximately the same latitude: HD being a mesic,
deep soil, low elevation site (Appendix A; C), and HR being a steep slope with dry, shallow soil, and higher
elevation site (Appendix A; D).

In June and July 2018, we collected approximately 50,000 cleistogamous and chasmogamous seeds (approx-
imately 25,000 each) from natural D. californica populations at our two common garden sites and six other
sites in the greater Klamath Mountain - Willamette Valley - Puget Lowland ecoregions (Fig. 1A). Both seed
types were collected from each maternal plant; both occur on the same reproductive stems. We collected
5-10 reproductive stems from each of 11-21 large maternal plants (median = 15) at each population.

Seed Preparation

Stems were stored in a cool, dry environment for no more than 90 days before we manually separated seeds
by type. Chasmogamous seeds were shaken from inflorescences and manually extracted with forceps when
necessary. We tested three approaches to separating cleistogamous seeds. Most were manually extracted from



stems by carefully slicing the stems so as not to damage seeds before removing them either individually or as
a group when possible. However, we also soaked a random subset of stems containing both cleistogamous and
chasmogamous seeds in room temperature tap water to facilitate cleistogamous seed extraction and sorting
with a light table, hereafter referred to as soaked seeds. We compared these to an additional randomized
subset of cleistogamous seeds that were still enclosed within the stem but separated into individual seed
units, further facilitating seed processing, hereafter referred to as sheathed seeds. Once we extracted all
seeds, we randomly weighed a subset of non-soaked or sheathed chasmogamous and cleistogamous seeds
(720 each) from each maternal plant to calculate average seed weights by maternal plant.

Common Garden Ezrperiment

We planted seeds at HD on September 29th, 2018, and HR on September 30th, 2018. In areas with mature D.
californica individuals already present, we aligned 15-m transects with 1-m2quadrats alternating every other
side of the transect (Appendix A; C,D), avoiding areas where large rocks were present. Each 1-m? quadrat
was divided into 100 planting cells of 1-cm? each (Fig. 1B). If a cell was suitable for planting (i.e., with
adequate soil and large adult plants absent), we installed 5.5-cm diameter, 1.25-cm deep PVC rings into the
soil to define the planting area (Appendix A; C,D). We left approximately 10% of suitable cells undisturbed
after ring installation as controls to allow for the detection of background D. californica germination from
the natural population (Fig. 1B). In each of the remaining cells, we planted 25 seeds of a given type and
maternal plant in a predetermined randomized order, thereby randomizing planting location.

Seedling Census

We censused germination at HD on April 12th, 2019 and at HR on April 17**, 2019. We counted D. californica
seedlings in all rings, including unplanted control cells to measure background germination. Seedlings and
rings were manually removed from sites in June 2019 to avoid genetic contamination of natural populations.

Statistical Analyses

We used R version 4.0.2 for all analyses and visualization (R Core Team 2021), using the package ‘lme4’ to fit
mixed effect models (Bates et al. 2015), the ‘Anova’ function from the ‘car’ package (Fox & Weisberg 2019)
using type III sum of squares to test for significant terms, the package ‘sjPlot’ (Liidecke 2021) to calculate
marginal and conditional R? values based on Nakagawa et al. (2017), and the package ‘emmeans’ (Lenth
2020) to calculate model estimated marginal means and conduct post-hoc tests for significant differences
between categorical variables with more than two levels. To accommodate the type III sum of squares, we

set contrasts = c(“contr.sum”,”contr.poly”). We used the ‘ggplot2’ package for data visualization (Wickham
2016).

We first tested for background germination by modeling the number of seedlings in each cell as a Poisson
distribution, fitting the interaction of common garden (HD, HR) and cell type (planted, control) as fixed
effects and quadrat as a random effect. To correct for the fact that many cells contained zero seedlings,
we included an observation level random effect to account for overdispersion (Browne et al. 2005, Harrison
2015).

We also performed an initial coarse test of our seed processing techniques (soaked and sheathed) to see whe-
ther either technique affected germination rates (across the two gardens). We fit binomial logistic regressions
separately for chasmogamous and cleistogamous seeds, with soaked as a fixed effect for chasmogamous and
both soaked and sheathed as fixed effects for cleistogamous. Both models included random effects for quadrat,
maternal plant nested within source population, and an observation level random effect for overdispersion.

To address our hypotheses, we fit a series of binomial logistic regressions separately for each common garden.
Each model included average maternal seed weight as well as soaked and sheathed treatments as covariates,
but we dropped the soaked and sheathed treatments when not significant (most often the case) to reduce
model complexity. For random effects, we included quadrat, maternal plant nested within source population,
and observation level random effects for overdispersion.



For hypotheses la-b regarding local adaptation, we fit a categorical model with the interaction of seed
origin (local, nonlocal to the south of the garden, and nonlocal to the north of the garden) and seed type
(chasmogamous, cleistogamous) as fixed effects. We also ran models separately for each pairwise combination
of nonlocal source population and common garden, with the interaction of seed origin (local, nonlocal)
and seed type as fixed effects. We then ran separate regression models for hypotheses 2 and 3 to explore
the possible mechanisms that could explain the presence or absence of seed origin effects. These models
addressed the geographic and environmental distances (separately) between source populations and common
gardens and the latitudes of the source populations. Each of these models included interactions with seed
type (cleistogamous, chasmogamous) and the geographic distance model also included a quadratic distance
term to allow for nonlinearity.

We calculated geographic distance between source populations and common garden sites using NOAA’s
Latitude and Longitude distance calculator (Williams n.d.). We calculated environmental distance using the
FEuclidean distance of a principal components analysis on a set of environmental variables collected from each
source population site in the year of seed collection (2018). These variables included spring precipitation,
temperature (min, mean, and max), dew point (mean), vapor pressure deficit (min and max), elevation, and
plant density as described in Mackin et al. (2021). We performed a principal components analysis on this
set of nine environmental variables and calculated the Euclidean distance of each source population from
each common garden using the first two principal components. We also performed a simple linear regression
between geographic and environmental distance to see whether the two were correlated.

Finally, we tested whether average maternal seed weight, a covariate in all the germination rate models, could
be explained by seed type, source population, or source population latitude. We fit two linear mixed effects
models: the first including the interaction of source population and seed type as fixed effects and maternal
plant as a random effect, and the second taking the average weight across cleistogamous and chasmogamous
seed types and fitting source population latitude as a fixed effect and source population as a random effect.

Results
Background germination and seed processing techniques:

Seedling counts were greater at HD than HR and were significantly greater in planted cells than unplanted
control cells at both sites (Fig. 2; common garden x cell type: p-value = 0.006). However, while background
germination was essentially negligible at HR (0.01 mean seedlings per unplanted control cell), there was a
mean of 1.5 seedlings per control cell at HD (Fig. 2). Neither of our seed processing techniques intended to
facilitate seed extraction (soaked and sheathed) caused planted seeds to germinate at a different rate than
untreated seeds (p 0.12; Appendix B). Thus, we included all seed treatment subsets and untreated seeds
together in further analyses.

Germination rate depends on seed origin, seed type, and seed weight:

There was no evidence for local adaptation at HD or HR for either cleistogamous or chasmogamous seeds
(Fig. 3A). However, germination did depend on seed origin: at HD, nonlocal seeds sourced to the north of
the garden significantly outperformed both local (HD) and nonlocal seeds sourced to the south of the garden
(P < 0.001). At HR, nonlocal seeds sourced to the north significantly outperformed nonlocal seeds sourced
to the south of the garden (P = 0.015), but local (HR) seed performance was not significantly different from
either nonlocal seed group. Models for each pairwise combination between nonlocal source populations and
common garden revealed the specific differences in germination by source population (Appendix C).

At both gardens, cleistogamous seeds significantly outperformed chasmogamous seeds (P 0.003; Fig. 3A),
and seed weight was a significant positive predictor of germination (P < 0.001; Fig. 3B; Appendix H, Table
1). Despite this, cleistogamous seeds were universally lighter weight than chasmogamous seeds across all
source populations (P < 0.001; Appendix D). There was no significant relationship between average seed
weight and source population latitude (P = 0.559; Appendix E).

Geographic distance and latitude, but not environmental distance, affect germination rate:



There was a significant, nonlinear effect of geographic distance between source population and common
garden at the HD garden, but this effect depended on seed type (distance? x seed type: P = 0.001; Fig.
4; Appendix B). Chasmogamous seed germination decreased weakly as distance from garden increased,
whereas cleistogamous seed germination was greatest when sourced somewhat close to (7125 km away) but
not directly from the HD garden (Fig. 4). When modeled separately by seed type, however, the weak distance
effect for chasmogamous seeds became nonsignificant (distance: P = 0.30; distance®: P = 0.80), whereas the
effect remained significant for cleistogamous seeds (distance?: P = 0.002). The overall trend appears to be
similar at the HR garden, although there were no significant effects of distance or distance? at that garden
(Fig. 4; Appendix H, Table 2).

The first two principal components explained 74.1% of the variation in the environmental data from source
populations (Appendix F). However, there was no significant effect of environmental distance between source
population and common garden on germination at either common garden (Fig. 5; Appendix H, Table 3).
Furthermore, there was no significant correlation between geographic and environmental distances of source
populations (Appendix G).

The effect of source population latitude on germination depended on seed type at HD (P = 0.023) but was
not significant at HR (P = 0.267; Fig. 6; Appendix H, Table 4). Higher latitude exhibited a slight positive
effect on germination for chasmogamous seeds but a negligible effect for cleistogamous seeds at HD (Fig. 6).

Discussion

Research on the degree of local adaptation in plant communities is urgently needed to inform ecosystem
restoration efforts (Bischoff et al. 2006, Vander Mijnsbrugge et al. 2010, Bischoff et al. 2010, Breed et al.
2018). Here, we devised a common garden experiment using both cleistogamous and chasmogamous seeds of
D. californica and expected to see a local advantage for seeds of both types. However, we did not find any
evidence for local seeds outperforming seeds sourced from other populations (nonlocal seeds) at either of our
common garden sites. These results align with the findings of Hereford (2010) who, in a review of reciprocal
transplant experiments, found that mating system does not generally influence local adaptation. Instead, we
found that seeds of both types sourced from the north of our HD common garden performed significantly
better than seeds sourced both locally and from more southern locations.

An absence of local adaptation could stem from intermediate levels of either inbreeding or gene flow, or a
lack of strong divergent selective pressure on either of our common garden populations (Lenormand 2002,
Hereford 2010). Another possibility for why we may not have seen local adaptation could be because our
study looked exclusively at germination. Adaptation patterns may come from the accumulation of small
fitness advantages over a plant’s life history, which are not always consistent with those of the establishment
stage (Rice & Knapp 2008, Jin et al. 2020).

Seed weight is an important predictor of germination success

It is clear that seed weight is an important factor influencing the germination of both chasmogamous and
cleistogamous seeds in our study. This is to be expected, as larger seed mass has long been linked to mo-
re energy investment and higher germination rates (Green & Hansen 1969, Hendrix 1984, but see Kitchen
& Monsen 1984), although the tradeoff between seed size and dispersal ability, seed number, and suscep-
tibility to predation all mitigate the overall fitness benefits of increased seed size (Gémez 2004, Gundel
et al. 2012). Chasmogamous seeds of D. californica are heavier than cleistogamous seeds, but it was the
cleistogamous seeds that generally outperformed chasmogamous seeds in our study. Our hypothesis that
nonlocal chasmogamous seeds would outperform nonlocal cleistogamous seeds was primarily motivated by
the genetic differences between seed types, although we would expect seed weight differences between seed
types to reinforce this prediction. We were surprised to find the reverse phenomenon to be true across all
three source groups in the HD common garden, with a significant seed type effect showing that non-local,
obligately selfed, smaller cleistogamous seeds significantly outperformed non-local, potentially outcrossed,
larger chasmogamous seeds.



Seed-type dependent geographic distance effect

Even after controlling for seed mass, we saw a significant geographic distance effect on cleistogamous ger-
mination at the HD common garden. We found that cleistogamous germination peaked at approximately
125km from the HD garden, while chasmogamous germination declined slightly with increasing distance
from the source population, although this effect was not significant. This corroborates our prior finding that
non-local cleistogamous seeds germinate at a higher rate than non-local chasmogamous seeds at the HD
garden, suggesting this pattern may be biologically significant. These results are surprising for the genetic
and seed weight differences discussed previously, in addition to differences in the dispersal ability of the two
seeds. In nature, cleistogamous seeds germinate almost exclusively within the length of a single stem of the
maternal plant (Holsinger 2000), making them extremely unlikely colonizing mechanisms for D. californica .
By contrast, chasmogamous seeds can disperse farther (Schmitt et al. 1985), making them better candidates
to colonize novel environments (Culley & Klooster 2007, but see Masuda & Yahara 1992).

Contrary to prediction, the observed seed type and geographic distance effect cannot be explained by genetic
differences between cleistogamous and chasmogamous seeds. Indeed, our observation that cleistogamous
germination success is improved, while chasmogamous germination success decreases away from the source
population fundamentally dissatisfies the conditions for dimorphic cleistogamy maintenance at the population
level as outlined by Culley & Kooster (2007). Mating system evolution theory predicts that cleistogamous
and chasmogamous seeds with different dispersal abilities can be jointly maintained if their dispersal abilities
differ, as they do for D. californica (Schoen & Loyd 1984). The near and far dispersal model for the selection
of cleistogamy predicts that resource allocation will first be spent on the production of cleistogamous seeds
- a so-called pessimistic reproductive strategy - followed by chasmogamous seed production - anoptimistic
reproductive strategy (Zeide 1978, Schoen & Loyd). Our finding that cleistogamous seeds are generally more
vigorous than their chasmogamous counterparts supports theory predicting that their investment should
be prioritized and aligns with other studies that have found cleistogamous seeds to be generally superior
(Dyksterhuis 1945, Cheplick & Quinn 1982, Schoen & Loyd 1984, Baskin & Baskin 2017). It is possible that
our experimental design, which planted 25 seeds from the same maternal plant within close proximity, may
have unintentionally favored cleistogamous germination as these seeds are more likely to be subjected to
sibling competition than farther dispersing chasmogamous seeds (Schoen & Loyd 1984). This may partially
explain our finding that cleistogamous seeds were more vigorous than chasmogamous seeds. Although density-
dependent processes such as intraspecific competition could influence the expression of local adaptation, this
is rarely addressed in local adaptation studies (Siepielski et al. 2016).

Environmental distance and latitude did not drive germination patterns

Environmental distance between source population and common garden sites did not explain the observed
seed-type and scale-dependent germination patterns. Although regional climate models do show that southern
sites tend to be warmer and drier (PRISM Climate Group 2020), it is possible that the environmental cova-
riates we used to estimate environmental distance were not meaningful, masking a potential environmental
source effect on germination that can be difficult to detect (Hereford 2009). Other common garden studies
have found that germination success is influenced by parental environment (Gallagher & Wagenius 2016).
More source populations and environmental data could possibly reveal such a trend if one exists.

We expected to see higher germination of nonlocal seeds sourced from southern compared to northern
sites due to recent warming patterns in the region (PRISM Climate Group 2020) but were surprised to
find the reverse pattern in our study. A categorical comparison of locally sourced seeds to those sourced
to the north and south of the HD common garden revealed that northern seeds performed significantly
better than both local and southerly sourced seeds. This pattern was not as easily detected in a latitude-
based germination model; as latitude increased, chasmogamous germination also increased slightly, while
cleistogamous germination slightly decreased which produced a significant latitude by seed type interaction.
It is likely that the highly reduced germination probability of cleistogamous seeds at only our most northerly
site created this negative latitudinal trend for cleistogamous seeds. This suggests there may be a northern
limit for seed sourcing success at Willamette Valley planting locations.



These results could be linked to our observation that seed weight slightly increased with latitude, although
this trend is not significant. It is unlikely that the opposing effects of latitude on chasmogamous and cleisto-
gamous seeds observed in our continuous latitude model are biologically meaningful. Perhaps sourcing from
more sites would allow us to examine the impact of latitude on germination more accurately. Indeed, the
latitudinal range for D. californicaextends from British Columbia to southern California (Darris & Gonzal-
ves n.d.). Of course, our study only measured the germination probability within one growing season, which
makes the detection of climate-driven latitudinal fitness patterns unlikely (Gaillart et al. 2018, DeMarche et
al. 2019). Other local adaptation studies have found significant latitudinal responses (van Boheemen et al.
2019, Zhang et al. 2019), although they may not necessarily be tied to climate (DeMarche et al. 2021).

Northern seeds outperform southern seeds at HD common garden

It is possible that seeds sourced from the south were of a generally inferior quality than northern seeds,
which may be linked to greater climate-related environmental stresses at lower latitudes. Other studies have
found that climate-based environmental stresses lead to decreased germination (Moreira de Oliveira et al.
2019, Yi et al. 2019, Ribeiro et al. 2021), which may help explain our finding that northern seeds outperform
southern seeds at both common gardens.

Our prediction that southern seeds would outperform northern seeds also assumed that southern populations
had adequately adapted to historically warmer conditions and that these conditions match recent climate
warming. Given the rapid rate of climate change in the region and the high degree of habitat fragmentation
throughout the Klamath Mountain and Willamette Valley ecoregions (Wilson 1998, Floberg et al. 2004), it
is possible that southern populations may not yet be adequately adapted to their current climates. Because
our study only lasted one growing season, we may have assessed germination during an abnormal winter that
favored northern-sourced seed. Although a multi-year analysis of germination was outside the scope of this
study, multi-year studies allow for a more thorough understanding of the mechanisms driving differential
germination and establishment patterns (Rice & Knapp 2008, Pfeifer-Meister et al. 2012, Merges et al. 2020)

Possibility for pathogen escape

Using a subset of seeds collected and processed in the same manner and from the same source populati-
ons as our study, Mackin et al. (2021) found that epiphytic (seed surface) pathogen community diversity
is significantly higher on chasmogamous than cleistogamous seeds ofD. californica. Although they found
higher in vitro germination with chasmogamous seeds, it is likely that the negative effects of antagonistic
pathogens on seed germination are diminished in a laboratory setting (Mackin et al. 2021). Seed pathogens
can be a significant barrier to in situ germination, although they are rarely accounted for in demography
studies (Nelson 2017, Mackin et al. 2021). In general, outcrossed progeny have been shown to have higher
infection scores when compared to self-fertilized progeny, suggesting that outcrossing can disrupt pathogen
resistance (Busch et al. 2004, Koslow & Clay 2007). There are several theories to explain the maintenance of
both cleistogamous and chasmogamous mating systems (Oakley et al. 2007), to which seed-type dependent
pathogens could contribute.

It is important to note that not all seed-associated fungi are pathogenic. For example, some species of the
Danthonia genus have a symbiotic relationship with the endophytic clavicipitaceous fungiAtkinsonella hypo-
aylon which improves host plant vigor (Clay 1984) and exclusively uses cleistogamous seeds for transmission
(Clay 1994). The fungus also causes infected plants to abort chasmogamous inflorescences, further impro-
ving the adaptive potential for cleistogamous seeds (Clay 1984). However, Mackin et al. (2021) did not find
any evidence of clavicipitaceous fungi inside any D. californica seeds sourced from the populations used
in this study. However, they did find that cleistogamous seeds had fewer fungi negatively associated with
germination than chasmogamous seeds, which may partially explain the observed higher germination rates
of cleistogamous seeds in our common garden study.

Pathogen escape could explain the higher germination rates of cleistogamous seeds sourced from populations
located an intermediate distance from the HD common garden. This fitness advantage quickly dissipated
as distance between source and common garden increased, however, suggesting that some degree of local



adaptation may still play a role in germination. It appears that populations from farther away are still more
maladapted to the common garden site, even if they do benefit from pathogen escape. Only the seeds from
intermediately distanced populations likely stood to benefit from pathogen escape in our common garden
experiment. Although most transplant experiments occur across much larger spatial scales (Joshi et al. 2001,
Gaillart et al. 2018, van Boheemen et al. 2019, Zhang et al. 2019), nonlocal advantage at small scales could
be common, especially if environmental heterogeneity is high (Hereford 2009).

Implications for restoration

Restoration practitioners frequently use D. californica to reseed oak savanna and grassland ecosystems along
the West Coast of the United States, although chasmogamous seeds have until now been used almost exclu-
sively for this purpose (Maslovat 2002, Hayes & Holl, 2011, Lindh 2018). Our results from the HD common
garden suggest that cleistogamous seeds are more vigorous than chasmogamous seeds, and that northerly-
sourced seeds could germinate at a higher rate than both local and southerly-sourced seeds. We cannot,
however, claim that higher germination probability will necessarily translate to greater fitness advantages
over the plants’ life history, or that this pattern is likely to be replicated across the Willamette Valley. Despite
finding a significant seed type effect at both planting locations, more common garden site replication would
be needed to suggest a regional phenomenon (but see Bischoff et al. 2006, Miller et al. 2011, Gallagher &
Wagenius 2016). Future research at multiple planting sites and involving multiple life stages across sever-
al years is required to better address questions regarding seed translocation for restoration planting. Such
a study should include multiple species of restoration importance in the Willamette Valley to investigate
whether trends are consistent across species. This information would support ongoing efforts to create seed
transfer zones of species used in the restoration of Willamette Valley ecosystems (Miller et al. 2011, Ramalho
et al. 2017).

On a practical note, the methods we used to facilitate cleistogamous seed preparation substantially reduce the
processing time for outplanting cleistogamous seeds. Our sheathed and soaked manipulations did not affect
germination success for either cleistogamous or chasmogamous seeds, demonstrating that these methods
can be used to make cleistogamous seed planting an accessible complement to chasmogamous planting.
Although post-soaked individual cleistogamous seed extraction is a laborious process when done by hand,
planting groups of cleistogamous seeds within their intact stems is much less labor-intensive. Our sheathed
treatment demonstrates that planting cleistogamous seeds that are still enclosed within their stem can be an
easy method to successfully germinate cleistogamous D. californica seeds at a scale necessary for ecosystem
restoration. Restoration practitioners may benefit from incorporating cleistogamous seed planting as an
insurance policy in the event of reduced chasmogamous germination in much the same way that the plants
themselves do (Zeide 1978, Schoen & Loyd). This practice may be especially beneficial when local seed
sourcing ability is limited.

Although the detailed pathogen census performed by Mackin et al. (2021) demonstrates the differences in
cleistogamous and chasmogamous pathogen communities, we were unable to assess the impact pathogens
had on in-situ germination and thus cannot be certain that pathogen escape explains the intermediate
distance advantage in cleistogamous seeds at the HD common garden. Still, because pathogen pressure
is likely a factor influencing in situ D. californica germination, and because pathogen communities vary
between nearby sites, plug planting of larger individuals could also present an effective method of restoring
D. californica populations, provided sterilized soil is used. Although this method is more time consuming
and expensive than direct re-seeding (Gallagher & Wagenius 2016), accurately predicting the efficacy of
re-seeding approaches may require an intimate understanding of epiphytic, endophytic and soil pathogen
communities on both seed types, which was beyond the scope of this study. When seeding D. californica
for restoration, practitioners should consider the pathogen communities of both source and planting sites,
use cleistogamous seeds in addition to chasmogamous seeds, and consider sourcing cleistogamous seeds from
more distant northerly populations than their chasmogamous counterparts.
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Figure 1. Experimental design . (A) Seed source locations (circles) and common garden (squares) of D.
californicapopulation locations within the Klamath Mountain (KM), Willamette Valley (WV) and Puget
Lowland (PL) ecoregions. (B) Planting design showing alternating square meter grids along transects within
naturalD. californica populations at common garden sites. Each square meter grid was composed of 100
cells that were either planted, left as a control for background germination (C), or deemed not suitable for
planting (X). See Appendix H Table 5 for site location and environmental data and Appendix A for site
photographs.
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Figure 2. Background germination levels at the two common garden sites (HD = Hazel Dell; HR =
Horse Rock Ridge). Both control and planted cells had significantly higher germination at HD than HR.
Background germination at HD averaged 1.5 seedlings per cell and was negligible (70.01 seedlings per cell)
at HR. Planted cells averaged 3.9 and 0.6 seedlings per cell at HD and HR, respectively. Letters denote
statistically significant differences between groups (p-value <0.05).
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Figure 3. (A) Seed origin and seed type affect germination at both common garden sites (HD = Hazel Dell;
HR = Horse Rock Ridge; NL = nonlocal). Nonlocal northern seeds outperform both local and southern
seeds at the HD common garden, while nonlocal northern seeds outperform nonlocal southern seeds at HR.
Letters indicate significant differences among seed origins, separately for each garden. At both gardens,
cleistogamous seeds significantly outperformed chasmogamous seeds. (B) Seed weight is also a significant
positive predictor of germination rates at both gardens. Predicted lines are averaged across seed origins. See
Appendix H Table 1 for complete model results.
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Figure 4. Geographic distance effects vary by seed type in the Hazel Dell (HD) garden but are not significant
at Horse Rock Ridge (HR). Chasmogamous seed germination decreases weakly as source distance from HD
increases. Cleistogamous seeds show the highest probability of germination when sourced between 100 and
200 km from HD. See Appendix H Table 2 for complete model results.
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Figure 5. Environmental distance between source population and common garden has no effect on germi-
nation rates at either common garden (HD = Hazel Dell; HR = Horse Rock Ridge). Environmental distance
was calculated using the first two principal components of a principal components analysis (PCA) (Figure
S4). See Appendix H Table 3 for complete model results.
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Figure 6. Source population latitude effects vary by seed type in the Hazel Dell (HD) common garden but
are not significant at Horse Rock Ridge (HR). Latitude exhibits a slight positive effect on germination for
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chasmogamous seeds but a negligible negative effect for cleistogamous seeds at HD. See Appendix H Table
4 for complete model results.
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Appendix A

Danthonia californica experiment. A) chasmogamous spikelets; B) cleistogamous spikelets (at arrow); C)
garden at Hazel Dell; D) garden at Horse Rock Ridge. Photos by B. A. Roy.
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Appendix B

Neither soaked (A) nor sheathed (B) seed treatments affect germination of chasmogamous or cleistogamous
seeds. The sheathed treatment is unique to cleistogamous seeds since sheathed refers to being enclosed
within the stems.

A Chasmogamous Cleistogamous
1.00 - ®  Soaked: P =0.34 Soaked: P = 0.76
S 0.75-
— ® ®
©
£ 4 °
£ 050 . '
5 0.25- T |
| | |
DOO - L : | | L : ] : :
Soaked Not soaked Soaked Not soaked
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1.00 1 Sheathed: P =0.12
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'c-%' e
c
= 0.50-
e
o)
(9 0.254
0.00-

Sheathed Not sheathed

Appendix C

Germination at the two gardens as a function of source population and seed type (from pairwise models).
Each model included the interaction of seed origin and seed type. Asterisks denote a significant difference
(P < 0.05) between seeds from that source population and seeds sourced locally from the garden, separately
by seed type. Arrows (up/down) signify whether that source population had significantly greater or lesser
germination relative to the local seeds. ‘ns’ = not significant (P > 0.05). Source populations are organized
from left to right by increasing latitude. FF = French Flat, WS = Whetstone, LT = Lower Table Rocks,
HD = Hazel Dell, HR = Horse Rock Ridge, JF = Jefferson, SL. = Sublimity, UW = Upper Weir.
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Appendix D

Maternal plant seed weight depends on seed type and source population. Cleistogamous seeds are universally
lighter weight than chasmogamous seeds across all source populations (P < 0.05), but the differences in
source population depends on seed type (P < 0.001). Letters indicate significant differences among source
populations separately for each seed type. Source populations are organized from left to right by increasing
FF = French Flat, WS = Whetstone, LT = Lower Table Rocks, HD = Hazel Dell, HR = Horse

latitude.
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FIF WS LT HID HIR JIF SIL UW

Seed origin
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Rock Ridge, JF = Jefferson, SL. = Sublimity, UW = Upper Weir.
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Appendix E

Average maternal plant seed weight (averaging cleistogamous and chasmogamous together) is not related to
source population latitude. FF = French Flat, HD = Hazel Dell, HR = Horse Rock, JF = Jefferson, LT =
Lower Table Rocks, SI. = Sublimity, UW = Upper Weir, WS = Whetstone.

° ® Latitude:
® P =0.559

n
1

R? =0.02
R =0.56

w
1

o000 o
W D oI® o
0%l ® o

Avg. seed weight (mg)
]
C . X

—_—
1
oNpe ® o

42 43 44 45 46 47
Latitude

©® FF o HR o LT o UW
® HD e JF o SL o WS

Appendix F

Principal components analysis (PCA) of the nine environmental variables used to describe environmental
conditions of each source population. These variables included spring precipitation, temperature (min, mean,
and max), dew point (mean), vapor pressure deficit (min and max), elevation, and plant density as described
in Mackin et al. (2021). FF = French Flat, HD = Hazel Dell, HR = Horse Rock, JF = Jefferson, LT =
Lower Table Rocks, SL = Sublimity, UW = Upper Weir, WS = Whetstone.
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Appendix G

There is no significant relationship between environmental distance and geographic distance at either common
garden (HD = Hazel Dell; HR = Horse Rock Ridge).
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Appendix H
Tables

Table 1. Binomial logistic mixed effect model results for the categorical analysis of seed origin x seed type
on germination rates at the two common gardens (Hazel Dell and Horse Rock Ridge). Coefficient estimates
are expressed as log-odds values, using contrasts = c(”contr.sum”,”’contr.poly”) to compare each group against
the grand mean, where the intercept is the grand mean and others are deviations from that. For random
effects: 02 = residual variance of logistic regression model; toy = between-subject variance partitioned to
each random effect in the model; ICC = intraclass correlation coefficient; N = number of levels to each
random effect. OLRE = observation level random effect. Marginal R? provides the variance explained by
the fixed effect(s) only while Conditional R? provides the variance explained by both the fixed and random

effects, as calculated in Nakagawa et al. (2017).
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Categorical seed origin analysis Hazel Dell Horse Rock

) Log- Log-

Predictors 0 dfls‘ Ci )4 o dfis Ci )4
(Intercept) -2.54 -2.80--227 <0.001 -7.65 -879--651 <0.001
seedorigin NorS1 -0.25 -0.43--0.07 0.008 02 -028-0.67 0421
seedorigin NorS2 039 027-052 <0.001 029 -007-065 0112
seedtypel 02  -030--0.10 <0.001 -0.42 -071--0.14 0.003
seed weight mg 0.28 0.18-037 <0.001 0.72 0.44-1.01 <0.001
seedorigin Nor31 : seedtypel 013 -003-029 0.119 032 -008-072 0119
seedorigin Nor32 : seedtypel 0 -0.11-010 094 -008 -037-022 0601
sheathedl 069 -0.04-1.41 0063
Random Effects
& 3.29 3.29
Too 0.42 orre 2.82 o1re

0.03 pother 0.43 Lother

0.03 quadrat 0.18 quadrat
ICC 0.01 0.04
N 11 quadrat 12 quadrat

122 other 122 other

808 orre 793 oire
Marginal R* / Conditional R? 0.064 / 0.069 0.200/0.233
AIC 3739.522 1430.241

Table 2. Binomial logistic mixed effect model results for the analysis of geographic distance between
source population and common garden x seed type on germination rates at the two common gardens (Hazel
Dell and Horse Rock Ridge). Coefficient estimates are expressed as log-odds values, using contrasts =
¢(”contr.sum”,” contr.poly”) to compare each group against the grand mean, where the intercept is the
grand mean and others are deviations from that. For random effects: o? = residual variance of logistic
regression model; tog = between-subject variance partitioned to each random effect in the model; ICC =
intraclass correlation coefficient; N = number of levels to each random effect. OLRE = observation level
random effect. Marginal R? provides the variance explained by the fixed effect(s) only while Conditional
R? provides the variance explained by both the fixed and random effects, as calculated in Nakagawa et al.
(2017).
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Geographic distance analysis Hazel Dell Horse Rock

Log- Log-

Predictors Odds cr P Odds cr P
(Intercept) 239 2.85--193 <0.001 -678 -8.10--547 <0.001
distance 0.13  -0.36-0.63 0.598 02 -135-096 0.73¢6
distance”2 -0.1 -0.25-0.05 0.179 -0.11 -054-0.31 0.596
seedtypel 0.04 -0.14-0.22 0.664 0 -0.49 - 0.50 0.997
seed weight mg 0.28 0.18-038 <0.001 058 0.27-0.89 <0.001
distance : seedtypel 0.44  -0.68--021 <0.001 -053 -150-0.44 0.286
distance”2 : seedtypel 0.12 0.05-0.19 0.001 0.07 -028-0.42 0.687
sheathed1 065 -0.07-1.37 0.075
Random Effects
& 3.29 3.29
Too 0.41 orge 2.70 oLre

0.03 mothersource pop 0.45 mothersource pop

0.03 qadeat 0.18 qadrat

0.03 gource pop 0.00 cource pop
ICC 0.01 0.04
N 11 quadrat 12 qadeat

122 other 122 other

8 souICe pop 8 source pop

808 o1 pE 793 oLpE
Marginal R* / Conditional R* 0.048/ 0.055 0.235/0.265
AlC 3746.82 1424.704

Table 3. Binomial logistic mixed effect model results for the analysis of environmental distance between
source population and common garden x seed type on germination rates at the two common gardens (Hazel
Dell and Horse Rock Ridge). Coefficient estimates are expressed as log-odds values, using contrasts =
¢(”contr.sum”,” contr.poly”) to compare each group against the grand mean, where the intercept is the
grand mean and others are deviations from that. For random effects: o? = residual variance of logistic
regression model; tog = between-subject variance partitioned to each random effect in the model; ICC =
intraclass correlation coefficient; N = number of levels to each random effect. OLRE = observation level
random effect. Marginal R? provides the variance explained by the fixed effect(s) only while Conditional
R? provides the variance explained by both the fixed and random effects, as calculated in Nakagawa et al.
(2017).
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Environmental distance analysis Hazel Dell Horse Rock

. Log- Log-

Predictors o dis‘ Ccl P o dis‘ i P
(Intercept) -2.66 -3.11 —-221 <0.001 -7.35 -8.81--589 <0.001
env dist 002 -008-012 068 -011 -028-0.06 0.195
seedtypel -0.26 -0.40--012 <0.001 -017 -072-038 0.539
seed weight mg 032 022-043 <0001 079 049-1.10 <0.001
env dist : seedtypel 0 -004-003 0783 -0.09 -020-0.02 0112
sheathedl 065 -006-1.36 0.073
Random Effects
P 3.29 3.29
Too 0.43 orre 2.53 orpe

0.03 mother:source pop 0.44 mothersource pop

0.03 quadrat 0.30 quadeat

0.07 souree pop 0.07 souee pop
Icc 0.01 0.04
N 11 quadrat 12 quadrat

122 other 122 pother

8 source pop 8 sourse pop

808 o12E 793 o1zrE
Marginal R? / Conditional R* 0.026 /0.033 0.165/0.198
AIC 3761.167 1433.234

Table 4. Binomial logistic mixed effect model results for the analysis of latitude x seed type on germination
rates at the two common gardens (Hazel Dell and Horse Rock Ridge). Coefficient estimates are expressed
as log-odds values, using contrasts = ¢(”contr.sum”,” contr.poly”) to compare each group against the grand
mean, where the intercept is the grand mean and others are deviations from that. For random effects: o2
= residual variance of logistic regression model; t1og = between-subject variance partitioned to each random
effect in the model; ICC = intraclass correlation coefficient; N = number of levels to each random effect.
OLRE = observation level random effect. Marginal R? provides the variance explained by the fixed effect(s)
only while Conditional R? provides the variance explained by both the fixed and random effects, as calculated
in Nakagawa et al. (2017).
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Latitude analysis Hazel Dell Horse Rock

. Log- Log-

Predictors Odds [0/ P Odds cr r
(Intercept) -2.58 -290--2.25 <0.001 -789 -9.09--6.69 <0.001
latitude 0.03 -0.17-0.22 07991 0.18 -0.14-0.50 0.267
seedtypel -0.27 -0.35--0.19 <0.001 -0.58 -0.83--0.32 <0.001
seed weight mg 0.31 0.21-0.41 <0.001 0.8 0.50-1.11 <0.001
latitude : seedtypel 0.08 0.01-0.14 0.023 0.11 -0.10-0.33 0.303
sheathed1 0.65 -0.07-137 0075
Random Effects
& 3.29 329
Too 0.42 orpw 2.57 orrE

0.03 mother:source pop 0.46 mothersowee pop

0.03 quadrat 0.29 quadrat

0.07 source pop 0.06 source pop
ICC 0.01 0.04
N 11 quadrat 12 quadrat

122 mother 122 mother

8 source pop 8 source pop

808 o1rE 793 o1pE
Marginal R? / Conditional R? 0.030/0.037 0.170/0.203
AlC 3756.35 1435.087

Table 5. Site and transect location data for D. californica sources and common gardens. Common garden
sites highlighted in bold.

[siTe [Region [Transect [GPS Start Lat | GPS start Long | GPS End Lat GPS End Long | DistanceHR (km) | DistanceHD (km) | Latitude
Upper Weir WAS 2|N46.90931  |W122.70974  |N 4690932 W 122.70932 290.57 323.72 46.90908
imi COR 1[N 44.841218 [W 122.767179 [N 44.841263  |W 122.76488 60.97 98.1 44.841218
Jefferson COR 1[N 44.787292 |W 123.018684 |N 44.787167 |W 123.017999 55.42 86.8 44.787292
Horse Rock Ridge | COR 2|N44.20877  |W122.87984  |N44.2988 W 122.87996 0 4142 44.29804
Hazel Dell COR 1|N 44.01979 W 123.21823 N 44.01955 W 123.21808 41.12 0 44.01979
Lower Table Rocks | SOR 1[N4246811 (W 12294635 [N 42.46787 W 122.94623 203.62 173.93 42.4681
Whetstone SOR 2|N42.41961  |W122.90685  |N 4241938 W 122.90685 208.95 179.7 42.4204
French Flat SOR 1[N42.10083  [w12363493 [N 42.10090 W 123.63479 251.93 216.04 42.1008
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Figure 4. Geographic distance effects vary by seed type in the Hazel Dell (HD) garden but are
not significant at Horse Rock Ridge (HR). Chasmogamous seed germination decreases weakly
as source distance from HD increases. Cleistogamous seeds show the highest probability of
germination when sourced between 100 and 200 km from HD. See Appendix H Table 2 for

complete model results.
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