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Abstract

Grasslands are biodiverse communities that offer many ecosystem services such as
erosion prevention, carbon sequestration, and water filtration. Global change factors, such as
increases in temperature, unpredictable precipitation patterns, and nitrogen deposition, impact
grassland communities which can lead to species loss, dominance of non-native annual grasses,
or habitat conversion. While many grassland and dryland species are adapted to low precipitation
and high temperatures, they may not tolerate further shifts in environmental conditions. Morpho-
physiological traits characterizing trade-offs in growth strategies are useful in predicting how
species, populations, and communities will respond to shifting global change factors. While traits
of adult plants are well studied, trait-performance relationships for early regeneration stages
(seeds, seedlings) are less understood, and these stages may be particularly vulnerable to shifts in
environmental conditions. Here, I examine how the traits and species identity of adult
graminoids influence seedling establishment of nearby plants (Chapter 1), how seed traits
interact with global change factors to shift seed bank composition (Chapter 2), and how
differences in populations and maternal environment conditions drive intraspecific variation in
seedling traits, seedling drought resilience, and first-year reproduction (Chapter 3). The main
finding from Chapter 1 was that forb establishment was more likely next to graminoids with low
leaf dry matter content (LDMC) and similar flowering phenology. For Chapter 2, I found that
non-native seeds were larger than natives, and that N-fixing forbs had strong seed barrier traits.
Additionally, community weighted seed traits shifted with resource availability, where higher
nutrient availability increased seed size and higher water availability reduced seed coat
thickness. For Chapter 3, in a survey of three populations of a perennial grass, I found that plants

from the most arid population had root traits associated with higher resource acquisition, which



were correlated with higher reproduction but not survival. Further, the maternal water
environment impacted first year reproduction, e.g. transgenerational plasticity, where the
direction of the reproductive response depended on the population. Collectively, my results have
advanced our understanding of how traits respond to environmental variation and how they may
be used to predict species, population, and community response to global change factors. My
results also have important implications for management of grassland systems. As graminoids
with low leaf dry matter content appear to be good nurse plants for forbs, my work suggests that
incorporating these species, or increasing leaf trait diversity, in seeding mixes may enhance forb
cover in dryland restoration efforts. Finally, my finding that seed provenance and maternal water
availability affect first-year reproductive output reinforces the value of using locally adapted
seed sources and suggests that using different watering regimes for the cultivation of seed to use

in restoration plantings may enhance restoration outcomes.
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Chapter 1

Some graminoids are better neighbors - phenological synchrony

and leaf traits may impact seedling establishment

Elise C. Elwood!*?, Margaret M. Moore*, Jennifer L. Funk!?, and Jennifer R. Gremer'->

! Center for Population Biology, University of California, Davis, CA 95616
2 Department of Plant Sciences, University of California, Davis, CA 95616
3 Department of Evolution and Ecology, University of California, Davis, CA 95616

* School of Forestry, Northern Arizona University, Flagstaff, AZ 86011



ABSTRACT

Species interactions affect plant establishment success, however, how traits of
neighboring species influence species interactions is less understood and may depend on
environmental context. A better understanding of which traits associated with dominant species
facilitate establishment of new recruits, which is a critical transition in population dynamics, may
be relevant to predicting or preserving community richness. Neighbors may alleviate effects of
environmental stress on recruits as well as increase local environmental heterogeneity. In this
study, we examined how dominant graminoid species and their functional traits related to the
abundance and richness of forb recruits and whether this varied based on phenological timing in
grassland communities. Abundance and richness depended on the species identity of a
neighboring graminoid and phenological timing, such that spring-active forbs were more
commonly associated with early flowering graminoids and summer-active forbs with later
flowering graminoids. Local richness was higher near graminoid species with higher
aboveground resource acquisitive traits (low leaf dry matter content - LDMC) and more
conservative belowground resource acquisitive traits (low specific root length). Finally,
abundance of establishing individuals depended on forb phenology, where only spring-active
forbs were more abundant near graminoids with low LDMC. Together, our results suggest that
phenology and traits are important considerations when predicting the impact of species
interactions on community composition. Understanding how species interactions affect
establishment will help inform the management of grassland systems confronted with climate

change.



INTRODUCTION

Plant-plant interactions vary greatly between species and influence community
composition and succession. Although neighbors can compete for resources, leading to reduced
performance, interactions between neighbors can be neutral or even beneficial (Bruno et al.
2003, Brooker et al. 2008, Bronstein 2009, Maestre et al. 2009). Facilitation, defined as positive
interactions between organisms, is a widespread phenomenon (Brooker et al. 2008, Maestre et al.
2009). Facilitation may benefit both partners, such as when multiple species flower concurrently
to attract more pollinators (Bronstein 2009). However, facilitation may come at a cost to the
facilitator, such as increased competition (Callaway 2007, Michalet et al. 2006). These
interactions, though small scale, can influence ecosystem dynamics by altering species
distributions over time and space (Richardson et al. 2013, Usinowicz and Levine 2018). The goal
of this study is to determine the extent to which different graminoid species act as facilitators,
and how the capacity for facilitation can be predicted based on their morphological
characteristics and phenology. By identifying which species facilitate the establishment of other
plants, especially in challenging arid environments, we can better predict community response to
environmental changes and enhance management and restoration strategies for these ecosystems

(Butterfield 2009, Butterfield et al. 2017a, Copeland et al. 2018).

As newly germinated individuals have limited resources and defenses, establishment is a
highly vulnerable transition during which plant-plant interactions may have a large impact on
survival (Larson and Funk 2016a, Gallien and Zurelli 2018). Adult plants may enhance survival
of young seedlings (i.e., nurse plant effects, Soliveres et al. 2011, Howard et al. 2012, Cavieres et
al. 2014) by improving the local abiotic conditions (e.g., reducing solar radiation, Pueyo et al.

2016), or adding heterogeneity to the environment, such as creating areas with low or moderate
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light availability (Koutzoukis et al. 2023). For example, Carnegiea gigantea (saguaro cacti) are
nursed by Cercidium microphyllum (palo verde) trees, which provide protection from heat
(Shreve 1931), frost, and predation (Steenberg and Lowe 1977). In contrast, a sedge species,
Carex nudata, increased local richness by creating areas of full shade, which increased the
heterogeneity of the habitat and prevented a single forb species from competitively excluding
others (Levine 1999). Positive effects from nurse plants may increase survival during vulnerable
life stages, such as for seedlings, especially under harsh conditions (Arroyo et al. 2015, Ziffer-

berger et al. 2014).

Nurse plants affect their local environment through morphological, physiological, and
phenological traits and, consequently, may increase the survival of neighbors (Temperton et al.
2004, Soliveres et al. 2011). Plants modify their physical environment by changing light quantity
and quality, influencing wind flow through surface roughness, and regulating the flux of water,
carbon, and heat through canopy conductance (Callaway 2007, Howard et al. 2012, Pueyo et al.
2016, Richardson et al. 2013). Phenology of green-up and flowering affect the timing and
duration of evapotranspiration and light reflectance, as green plants absorb more energy (Ryu et
al. 2008). Further, plants with more resource acquisitive traits, such as high specific leaf area,
leaf nitrogen (N), and root nitrogen (N), tend to have higher evapotranspiration and
photosynthetic rates (Wright et al. 2004, Reich 2014), leading to higher relative humidity and
more moderate temperatures (Richardson et al. 2013). Plant height may also impact the local
environment through affecting wind speed and direction, as well as shade, where taller plants
reduce wind flow and sunlight, slowing the rate of water loss from surrounding plants
(Richardson et al. 2013). Additionally, higher specific root length and smaller root diameter may

provide increased potential for inoculation by beneficial mycorrhizae to individuals establishing



nearby (Comas et al. 2014, Bergmann et al. 2020, Rutten and Allen 2023). Finally, higher leaf P
and root N may speed up the processes of litter decomposition, which can alter the heterogeneity
of the habitat and increase nutrient availability (Howard et al. 2012). Thus, the morphological,
physiological, and phenological traits of dominant plants not only shape their environment but

can also impact community composition by enhancing the survival of neighboring plants.

Plant growth strategies influence plant-plant interactions, and species with particular
traits may be more or less likely to benefit from a nurse plant (Levine 1999, Brooker et al. 2008).
Forb species may employ various growth strategies to achieve fitness in dry environments such
as drought avoidance, where rapid resource acquisition allows plants to reach maturity before
periods of drought; or drought tolerance, where plants tolerate hot and dry periods through
resource conservation (Volaire et al. 2018, Kooyers 2015). Plants with greater drought tolerance
and similar phenology to the nurse plant may benefit most from this shelter, and microhabitat
changes in environmental conditions, while forbs that avoid drought through fast growth during
wet periods, and forbs with very different phenological timing may be less affected. However,
trait similarity, such as phenology, between neighboring plants could also increase competition
and reduce fitness (Ackerly and Cornwall 2007, Gastauer et al. 2017). Resource efficient C4
grasses are often photosynthetically active later into the summer, maintaining growth during
drier and hotter conditions (Epstein et al. 1997, Edwards and Still 2008). Thus, competitive
effects between late flowering C4 species and summer active forbs may result in predominantly
negative interaction for forbs, while facilitative effects of earlier flowering graminoids on

summer-active forbs may shift interactions from negative to positive.

In grassland systems, the survival of forb seedlings may vary based on their specific

phenology, specific graminoid species present, and abiotic conditions. This study examines
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whether there are patterns consistent with facilitation and whether they vary among graminoids
with distinct functional traits in a diverse grassland system. In this paper, we ask (1) do different
graminoid species vary in the presence, richness, and abundance of neighboring forbs, and does
climate or plant size affect the presence of neighbors? Next, we explore if forb phenology
changes the relationship with nurse plants and ask, (2) do summer active forbs establish near
graminoids more frequently than spring active forbs, and does graminoid phenology affect this?
Finally, we explore further differences in traits potentially relating to nurse ability within the
graminoid community, and ask (3) which traits inform differences in forb richness and
abundance and does this change depend on forb phenology? We hypothesize that forb neighbors
are more likely to persist as neighbors of larger individual graminoids, and we expect greater
effects of different graminoid neighborhoods on forb communities when conditions are harsher
(dry and hot). We hypothesize that summer active plants, which must endure stressful
environmental conditions, may benefit more from a nurse plant than spring active forbs. Further,
graminoids with later flowering phenology may have limited ability to facilitate summer active
forbs as they overlap in reproductive timing and may be competing for resources. We expect that
traits relating to habitat amelioration or differentiation through greater canopy conductance (leaf
resource acquisitive traits, phenology, photosynthetic pathway), reduced wind (taller plants),
litter buildup, or traits that promote mycorrhizal relationships (high specific root length) will
correlate with neighborhood richness and abundance, but do not expect this to differ for spring or

summer active forb communities.



METHODS

Study site and data collection

This research takes place in semi-arid grasslands of the Colorado Plateau, encompassing
a range of elevations (2,070 - 2,500 m), soil textures, and plant communities found in the region
(Moore et al. 2022). Plant communities are dominated by a mixture of perennial C3 and C4
grasses and sedges (Table 1.1) with a rich diversity of annual and perennial forbs and some
shrubs. The study sites in Northern Arizona experience a bi-modal precipitation pattern with
winter precipitation and late summer monsoons with dry periods in early summer and fall and an
average growing season of 103 days between the last spring freeze in late May and the first fall
freeze in early October (Moore et al. 2022). The mean annual precipitation and temperature
range from 500-750mm and 6.2-9 degrees Celsius, respectively (Munson et al. 2019, Figure
S1.1). All 60 plots are 1-m2 and located within 40 km of Flagstaff in northern AZ across 12
sites. In these plots, all plants were mapped using a chart-quadrat method, where basal area was
traced for all grass, sedge, and ground spreading forbs, and shrubs and forbs were mapped as
points (Lauenroth and Adler 2008, Laughlin et al. 2018, Moore et al. 2022). Maps were hand
drawn in the field and digitized using ArcGIS software (Figure S1.2). We followed the methods
of Lauenroth and Adler 2008 and Laughlin and Moore 2018 to track perennial individuals across
years. This research uses data from 2002 — 2021 during which time the plots were censused

annually (Moore et al. 2022).

In order to assess differences in nurse plant potential among graminoids, we used maps of
the plant community to determine which forbs were within the neighborhood of each individual
graminoid for the most abundant graminoid species (Table 1.1). Neighborhood zones and

distances to nearby points and polygons were calculated using the functions buffer, near, and



distance in ArcGIS (ESRI 2019). We defined the local neighborhood as 10 cm from the edge of
the basal area of a graminoid polygon in every direction. A 10 cm neighborhood area was used
because it was large enough to allow tracking of graminoid polygons (Lauenroth and Adler
2008) and small enough to reduce neighborhood overlap between graminoids while detecting
species interactions (Gridzak et al. 2024). All graminoid polygons within 10 cm of the edge of
the plot were excluded from the analysis, as were all graminoids with less than 1 cm2 basal area.
Each forb seedling was assigned to the neighborhood of the closest graminoid, where seedlings
included all annuals as well as perennials that had not been present in the previous year. Within
each neighborhood, forb abundance was determined as the number of forbs, and forb richness
was the number of different forb species. Other graminoids present in the neighborhoods were

not included in our analysis.

Statistical analysis

To evaluate whether graminoid species varied in their likelihood of having forbs in their
neighborhood (Q1), we used a binomial generalized linear mixed model with a logit link
function. The response variable for this model was whether a graminoid individual had at least
one forb seedling nearby (1) or did not (0). We included graminoid size, graminoid species, as
well as the annual temperature and precipitation for the site of each observation as fixed factors
in the model. We used climate data downloaded from PRISM for each site for each year of the
study (http://www.prism.oregonstate.edu). Site annual precipitation and temperature values were
log transformed for all analyses. In order to account for potential site differences, plot nested
within the site was initially included as a random intercept, however plot was removed due to
issues of model convergence (Ime4, Bates et al. 2015). We then evaluated if the richness and

abundance of forbs varied based on graminoid species identity. In order to account for the non-



linear species-area relationships in species richness and abundance (Scheiner 2003, Arrhenius
1921) we used the residuals for each individual from a power model where the log richness or
abundance was predicted by individual neighborhood area as the response variable (Table S1.1).
We used a non-parametric analysis of variance on these residuals (ANOVA; Kruskal Wallis rank
sum test) to test for differences among species and calculated the significance of pairwise
comparisons using a pairwise Wilcoxon rank sum test (R Core Team 2023). Using the mean rank
sum from the Kruskal Wallis test, we ordered graminoid species from lowest to highest in terms
of the forb abundance and richness in their neighborhoods. Following extraction of spatial data
from ArcGIS, all data manipulations, calculations, and analyses were executed in R version 4.3.1

"Beagle Scouts" (R Core Team 2023).

In order to determine if the probability of having a seedling neighbor shifted depending
on the phenology of the forb species, and how similar this was to the phenology of the
graminoid, we used a binomial generalized linear mixed model including the forb activity period
instead of species identity. We compared flowering phenology of species as a proxy for green up
timing as flowering phenology data is widely available. Green-up timing as well as factors
relating to photosynthetic activity such as plant size and degree day thresholds influence
flowering phenology (Wang et al. 2014). Activity period was determined using the trait dataset
from Laughlin et al. (2010) compiled from regional flora databases and data was supplemented
using peak flowering time from GBIF observations for species missing data (R dismo package:
Hijmans 2023). Cool season species had a peak flowering date before the end of June (Julian
date range of 121 to 259, median of 213). As above, the presence (1) or absence (0) of any forb
neighbor was the response variable, here modeled against the type of forb (spring or summer

active), the flowering phenology of the graminoid species, the interaction between these two



factors, as well as graminoid basal area, and the precipitation and temperature for each site and

year. Further, we included the site as a random effect.

Finally, to determine if traits explained variation in nurse potential, we used published
data from the study system collected on randomly selected adult plants at each site in which the
species occurred (Laughlin et al. 2010). We included 8 traits that we hypothesized may affect
nurse plant potential: plant height, peak flowering date, leaf N, leaf P, specific leaf area (SLA),
root N, and specific root length (SRL). We did a Principal Component Analysis (PCA) to
determine the main axes of trait variation among graminoids in the system. Next, we determined
if graminoid trait values impacted neighborhood richness and abundance using a rank order test.
We used Pearson's correlation coefficient to determine if the ranked order of graminoids for each
trait correlated to the richness and abundance rank orders as calculated from the Kruskal Wallis
test (R Core Team 2023). We looked at PCA axes to determine trait groupings and then
considered individual traits due to the presence of correlations between trait values. Furthermore,
in order to determine if the relationship between traits and nurse ability shifted depending on the
phenology of the forb species, we calculated mean rank order values of graminoid richness and
abundance separately for spring and summer active forbs. Leaf dry matter content (LDMC) was
not included in the PCA analysis as this trait was not available for one graminoid species
(POAPRA); this species was removed from the analysis in order to determine rank order values

for LDMC.
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RESULTS

As hypothesized for Q1, we found that graminoid species differed in potential nurse
ability. While most graminoids were neutral, the graminoid species that frequently had seedling
neighbors also had high neighborhood abundance and species richness. Specifically, MUHTRI
and POACOM had neighbors more frequently than other graminoid species, while ELYTRA,
SPOINT, and POAPRA displayed a lower probability of having neighbors (Figure 1.1). While
POAPRA and BROCIL were less likely to have neighbors, if any neighbors were present, they
had neighborhoods with relatively high richness (Figure 1.2, Figure S1.3). Presence of seedling
neighbors decreased under increasing annual temperatures but was not affected by precipitation.
Further, graminoid species varied in size (Figure S1.4) and larger graminoids were more likely to
have neighbors (Table S1.2). We found significant differences between graminoid species for
both abundance and richness (Kruskal-Wallis test, chi-square = 713.5 and 896.5, p<0.001, Table
S1.3). Richness and abundance rankings were similar for most graminoid species, particularly
those with the highest (MUHTRI, POACOM) and lowest (SPOINT, BOUGRA) rankings (Figure
1.2). MUHWRI and FESARI had lower richness rankings but had higher abundance or neighbor

presence, while BROCIL and MUHRIG had higher richness but lower abundance (Table 1.2).

For our next question (Q2), we considered the phenology of the forb seedlings and found
that seedlings adjacent to graminoids were slightly more likely to be summer active forbs. This
supported our prediction that summer active forbs may benefit more from a nurse plant than
spring active forbs. Further, when comparing spring and summer active forbs with the flowering
phenology of graminoid species, we found that forbs were more likely to be present in the
neighborhood of a graminoid with similar flowering phenology (Figure 1.3). Similar to findings

from the presence/absence model with graminoid species identity (Q1), the presence of forb
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seedlings decreased with increased temperature and increased with larger graminoid size (Table

S1.4).

Finally, we identified the main axes of trait variation among our graminoid species and
determined if trait axes affected local abundance and richness. We found that root resource
acquisitive traits, height, and flowering phenology loaded strongly on PC1 (Figure 1.4, Table
S1.5), separating tall species with high SRL, high root N, and later flowering from shorter
species with less resource acquisitive root traits and earlier flowering (PC1, 35.3% of variance
explained, Figure 1.4). The second PC axis differentiated C3 and C4 plants, where, as predicted,
C3 plants had higher SLA and leaf N (PC2, 24.2% of variance explained, Figure 1.4). Leaf P did
not contribute to the main leaf trait resource acquisition axis separating C3 and C4 species, but
loaded as its own axis (PC3, 16.8% of variance explained, Figure S1.5). Once the trait axes were
identified, we then tested if trait axes and individual traits related to residual neighborhood
abundance and richness (Q3). We found no significant correlation between the rank order of PC
values and neighborhood richness or abundance when considering all forb species (Table 1.2).
However, when we conducted analyses separately for cool season, spring active forb seedlings
and warm season, PC2 was positively correlated with neighborhood abundance for spring
species. Next, we explored relationships between individual traits and neighborhood richness and
abundance of all forb seedlings due to trait correlations (Figure S1.6). We found negative
correlations between local richness and LDMC (p <0.01), and a negative correlation between
neighborhood abundance and leaf P content (Table 1.2). In analyses considering spring and
summer forbs separately, the finding that LDMC trait values were negatively correlated with
neighborhood richness remained true for both groups, further SRL was negatively correlated

with richness for spring and summer forbs. However, leaf P was only negatively correlated with
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summer forb abundance, while LDMC was negatively correlated to spring forb abundance.
However, if BROCIL, which has a small sample size, was removed from the rank order
correlation test, LDMC was not correlated with abundance for spring forbs (p=0.17). In
summary, we found that for both spring and summer seedlings low LDMC and low SRL values
were correlated with higher neighborhood species richness. However, neighborhood abundance
varied with phenology, such that high PC2 and low LDMC values aligned with increased
abundance for spring active forbs, while low leaf P values aligned with increased abundance for

summer active forbs.

DISCUSSION

Arid environments pose significant challenges for seedlings (Larson and Funk 2016b,
Butterfield 2009) and facilitation from adult plants, such as graminoids, may be essential for forb
establishment (Soliveres et al. 2011, Howard et al. 2012, Cavieres et al. 2014). Variation in the
neighborhood composition of graminoids would suggest different strengths of forb - graminoid
interactions. We found that some graminoid species are likely to be better neighbors and that
graminoids are better facilitators to forbs with similar phenology. Further, we found that
graminoids with resource acquisitive leaf traits had higher neighborhood richness, while
neighborhood abundance shifted based on forb phenology, with LDMC increasing spring forb

abundance and leaf P reducing summer forb abundance.

Seedling establishment is influenced by graminoid identity and temperature

While shrubs and trees are commonly identified as nurse plants with known mechanisms

of facilitation in stressful habitats (Howard et al. 2012, JankJu 2013, Pueyo et al 2016, Farzan
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and Ehtegadu 2018, Gholami et al. 2018, Gomez-Aparicio et al. 2004), few studies have
demonstrated facilitative effects of graminoid plants (Shaw 2018, Reyl et al. 1996). We tested
the probability of having seedling neighbors for 12 different species across time and space and
found clear distinctions between species. Specifically, MUHTRI and POACOM individuals were
more likely to have neighbors (50% more likely to have neighbor seedlings than average) and,
when seedlings were present, their neighborhoods had high species richness and abundance. In
contrast, few SPOINT plants had seedling neighbors. Other studies of nurse plants similarly
found species-specific patterns but focused on one or a few species (Levine 1999, Kikvidze and
Nakhutsrishvili 1998). Our findings suggest that the dominant graminoid species in a stressful
habitat may greatly influence the ability of seedlings to establish. The demographic impact of
increased seedling survival when some graminoids are dominant will impact community
composition over time which has important implications for habitat restoration (Butterfield 2009,
Copeland et al. 2018, Navarro-Cano et al. 2021) and understanding how species-interactions

influence ecosystem functioning.

Negative and positive interactions occur between many species concurrently and shift
with time, climate, and resource availability (McAuffle 1984, Maestre et al. 2009, Brooker et al.
2008). In arid systems, such as those studied here, climate should strongly influence these
dynamics, as facilitation and competition are highly dependent on the abiotic environment
(Arroyo et al. 2015, Ziffer-berger et al. 2014). In our system, a harsh dry period in the early
summer is followed by extensive, warm monsoon rains, and another period of very low
precipitation before the winter rain season begins (Gremer et al. 2018). Surprisingly, our findings
emphasize the role of temperature instead of precipitation, as higher temperatures reduced the

probability that a graminoid had a seedling neighbor, and there was no effect of precipitation.
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This pattern was not due to fewer total seedlings present under higher temperatures, resulting in
two possibilities. First, this could be due to an increase in total graminoid presence with higher
temperatures, in which case, seedlings will be neighbors to a smaller proportion of graminoid
individuals. Over half of our species spread vegetatively and a large graminoid recorded in an
ambient year may dieback in a year with higher temperatures, thus creating two or more distinct
patches of aboveground biomass recorded as separate graminoid individuals. Alternatively, this
pattern could arise from an increase in spatial aggregation where few graminoids have neighbors
under higher temperatures, however these graminoids have more neighbors. The second
possibility may occur if competition increases for seedlings under higher temperatures, reducing
seedling survival; however, in the neighborhood of the few graminoid species that show
evidence of facilitation, seedlings have higher survival. Temperature determines a species’
climatic niche in the Colorado plateau, and this may increasingly impact communities as climate

change raises temperatures (Butterfield and Munson 2016).

Synchrony of graminoid and forb flowering influences seedling presence

We found that graminoids are more likely to have seedling neighbors that have similar
phenology, i.e., later flowering grasses are more likely to be associated with summer active
forbs, while earlier flowering grasses are more likely to be associated with spring active forbs.
This contrasts with our hypothesis that an increase in phenological overlap would reduce
presence of neighbors given that negative interactions are more acute with increasing trait
similarity (Ackerly and Cornwall 2007, Gastauer et al. 2017), which may be more prevalent in
extreme climates (Gallien et al. 2018), such as the climate studied here. Phenological matching

between forbs and graminoids may instead suggest that facilitative effects shift with seasonal

15



timing. In our system, early-season graminoids may be most active in the spring following
snowmelt and have higher leaf area and photosynthetic activity than late-season graminoids,
which may benefit neighboring forbs during the dry early summer. Larger early-season
graminoids may also benefit forbs through hydraulic lift (Maestre et al. 2001). Smaller, late-
season graminoids would not provide these benefits to early-season forbs resulting in no
facilitative effect. However, by early fall, when early-season grasses and forbs have reduced
photosynthetic activity, summer-active seedlings may benefit from the greater shelter provided
by late-flowering grasses. As data collection occurred in August, it is possible that some early
forb species were not captured in our survey and are underrepresented in our dataset. While this
would not affect our finding of preferential phenological synchrony for summer-active forbs, the
spring-active pattern could change from a negative slope to neutral, where spring-active forbs are

also equally likely to occur near late-flowering graminoids.

Neighborhood richness increases near graminoids with resource acquisitive leaf traits

Positive effects of nurse plants are often species-specific (Levine 1999, Kikvidze and
Nakhutsrishvili 1998) and typically involve habitat amelioration, although an increase in habitat
heterogeneity may also facilitate species (Bulllari et al. 2016). Habitat amelioration creates a less
stressful physical environment for the seedling by dampening light, wind, heat, and/or increasing
moisture content (Richardson et al. 2013). We found that resource acquisitive traits of leaves, but
not roots, of graminoid neighbors positively correlated with neighborhood richness. The plants
with low LDMC may enhance neighborhood richness by increasing relative humidity and
moderating temperatures (Richardson et al. 2013), allowing new species to establish. Further,
plant density, height, and other resource acquisitive traits are associated with dominant species,

which can greatly impact habitat structure and heterogeneity (Bulllari et al. 2016). Dominant
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species may also alter community dynamics through suppressing a shared competitor. Levine
(1999) showed that variation in cover of a graminoid sedge (Carex nudata) changed light
availability such that denser sedges indirectly facilitated species through the suppression of a
shared competitor Mimulus guttatus, via reducing the physical dominance of Mimulus and
increasing habitat heterogeneity. While we are unable to determine the mechanisms driving
patterns in our system, we know that light availability and soil moisture change within the
canopies of some of our species (Elwood, unpublished data). This microsite variation suggests
increased habitat heterogeneity near some graminoids. Our results suggest that resource
acquisitive plants, through leaf traits or large stature, may facilitate species through increasing
habitat amelioration and heterogeneity.

Root traits relating to plant-soil interactions rather than resource acquisition were more
strongly coupled to neighborhood richness. Low SRL, which was correlated with higher richness
for both spring and summer forbs, may indicate a greater collaboration between the plant and
soil-microbes (Bergmann et al. 2020). Mycorrhizal associations of neighboring plants may
facilitate other plants (Othman et al. 2004), and graminoids with thicker roots may provide a
greater potential for establishing individuals to benefit from positive associations (Rutten and
Allen 2023). This opportunity may benefit various species including both spring and summer
active forbs. While we are unable to know the exact mechanisms for increased neighborhood
richness, our finding that increased richness is associated with lower SRL, and highly resource-
acquisitive leaf traits suggests that these traits may modify the physical environment in a way
that benefits many species. Additionally or alternatively, these traits may maintain competitive

pressures that prevent any single species from becoming dominant.
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Neighborhood abundance differs with graminoid leaf traits and seedling phenology

While neighborhood richness of spring and summer active forbs was similarly influenced by
graminoid traits, graminoid traits influenced the abundance of spring and summer active forbs
differently. The abundance of summer active forbs increased near graminoids with low leaf P
while the abundance of spring active forbs increased near graminoids with high aboveground
resource acquisitive traits (LDMC, PC2). Leaf P, essential for a variety of plant functions, may
differentially affect graminoid water use efficiency and resource-acquisition (Cooksley et al.
2023, Lambers et al. 2008), which may increase resource competition between neighboring
plants. High leaf P in graminoids like SPOINT and MUHWRI, which are poor neighbors, may
correlate with nutrient acquisition traits, enhancing their competitive impact on neighbors. This
idea aligns with Cooksley et al. (2003), who observed that woody species with high root acid
phosphatase activity, indicative of phosphorus acquisition, tended to outcompete neighbors in
water-limited environments. While some woody nurse plants increase local nutrient availability
(Miho¢ et al. 2016, Koutzouki et al. 2023), which might offset an increase in competition, there
is little evidence that graminoids increase local nutrients (Reyl et al. 1996). It is not clear why
leaf P has a greater negative effect on summer active forbs, although we speculate that
competition for this nutrient may be particularly high late in the season as it is essential for
flowering (Li et al. 2019). Graminoids with traits related to high aboveground resource
acquisition may improve the local habitat through creating shelter and increasing local moisture,
however, the benefit to forbs may decrease later in the season due to the arrival of monsoons.
The impact of resource acquisitive leaf traits on the abundance of spring active but not summer
active forbs may be a result of this early season shelter. Furthermore, resource acquisitive leaf

traits may increase habitat heterogeneity, enhancing richness of all forb species.
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Implications

We found higher neighborhood richness near some graminoid species with resource
acquisitive leaf traits, while neighborhood abundance varied depending on forb phenology. We
suspect that patterns in neighborhood abundance are primarily due to habitat amelioration while
increased richness may be driven by greater niche partitioning changing competitive interactions
amongst species. Our study supports the idea that graminoids may serve as nurse plants to forbs;
however, these facilitative outcomes remain difficult to predict based on graminoid traits alone.
Few studies have considered how phenology and functional traits influence facilitation.
Experimental manipulations of facilitating and facilitated plants with different phenology would
determine whether and how traits affect relationships between phenological synchrony and
facilitation. The answer to this question will have important implications for management in
these stressful systems, as phenological timing and planting order will influence restoration
success (Navarro-Cano et al. 2021, Browning 2019). Further, as phenological data has become
far easier to collect due to technological advances in remote sensing, this creates an opportunity
to fine tune timing of management actions (Browning 2019). While the importance of species
interactions is currently recognized in species distribution modeling (Norberg et al. 2019) and
restoration approaches, adding phenological synchrony may improve management outcomes as
species respond differently to novel stressors induced by our changing climate (Nakazawa and

Doi 2012).
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FIGURES AND TABLES

Figure 1.1: Probability that a graminoid neighbors an establishing forb
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Legend: Points indicate the estimated marginal mean as determined by the model in Table S1.2, back transformed
into a probability, that a graminoid species will have any seedling neighbors with SE bars from the model. Species
are in ascending order with different letters denoting a significant difference in a post-hoc pairwise comparison
between species.
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Figure 1.2: Rank order of graminoid neighborhood richness and abundance
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Legend: Richness and abundance rankings of species, where low ranks have the neighborhoods with the least
richness and abundance, and high ranks have the greatest richness and abundance. Graminoid species are ordered
from left to right along the x-axis by increasing neighborhood richness rank order (circles). Abundance rank order
shown as triangles for each species. Rank order was determined from the mean rank sum of species calculated for

the Kruskal Wallis test.
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Figure 1.3: Phenological timing impacts the probability that graminoids neighbor a seedling
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Legend: The change in probability that a graminoid species will have any seedling neighbors that are spring (light)
or summer (dark) active given the graminoid flowering date. Lines are back transformed from the binomial
estimated marginal slopes from Table S1.4. Points represent the observed proportion of individuals for each
graminoid species with a spring (circles) or summer (triangles) seedling neighbor(s). Julian flowering date increases
from left to right (x-axis).
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Figure 1.4: Principal component analysis of graminoid traits
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Legend: First and second Principal Component (PC) axes for the dominant graminoid species included in the study
(Table 1.1). Arrows indicate direction (positive or negative) and strength (length of arrow) of trait loadings for each
axis (Table S1.5). Traits included in the analysis are: Specific root length (SRL), Root nitrogen content (Root N),
Specific leaf area (SLA), Leaf phosphorus content (Leaf P), Leaf nitrogen concentration (Leaf N), Height, and
Flowering date (FlrDate). Species abbreviations (Table 1.1) are positioned to indicate trait loadings along the PC
axes for each species. Species abbreviations are colored according to photosynthetic pathway, as either C3 (gray) or
C4 (black).
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Table 1.1

Abbreviation Graminoid species Photo- Peak Total Richness Abundance
synthetic | flowering | observations | rank order | rank order
pathway | date

BOUGRA Bouteloua gracilis C4 243 1692 3 3
BROCIL Bromus ciliatus C3 243 75 10 6
CARGEO Carex geophila C3 136 1449 8 5
ELYELY Elymus elymoides C3 182 2432 11 9
ELYTRA Elymus trachycaulus C3 197 55 NA NA
FESARI Festuca arizonica (OX] 198 456 2 4
KOEMAC Koeleria macrantha (OX] 213 54 NA NA
MUHMON Muhlenbergia montana C4 228 1524

MUHRIG Muhlenbergia rigens C4 243 431 2
MUHTRI Muhlenbergia tricholepis C4 243 260 12 12
MUHWRI Muhlenbergia wrightii C4 243 528 5 10
POACOM Poa compressa C3 213 1243 13 13
POAFEN Poa fendleriana C3 167 2460 8
POAPRA Poa pratensis C3 182 1407 11
SPOINT Sporobolus interruptus C4 228 2004 1 1

Legend: Graminoid species included in the study, along with their photosynthetic pathway, peak flowering (median
Julian date of flowering season), and richness and abundance rank orders. Species abbreviations are used throughout
the manuscript. Rank order was determined from the mean rank sum of species calculated for the Kruskal Wallis
test. KOEMAC and ELYTRA were excluded from the abundance and richness analysis due to low sample sizes,
however, were included in the binomial presence of neighbor model (Figure 1.1).
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Table 1.2

All seedlings Spring active forbs Summer active forbs
(Cool) (Warm)
Trait axis or trait P-value, Correlation Coefficient
Richness |Abundance [Richness [Abundance |[Richness Abundance
PC1 p=0.65, [p=0.90, [p=051, |p=0.84, Jp=043, p=071,
=014 |r=004 =020 [r=-006 =024 [r=0.11
PC2 p=0.16, =027 [|p=0.06, |p=0.027, |p=0.09, p=0.64,
=042 [r=033 r=054 [r=0.61 =048 1r=0.14
PC3 p=0.78, [p=0.30, [p=0.69, p=097, =084, p=0.10,
=0.08 |r=0.31 r=-0.12 [r=0.01 r=-0.06 r=047
Leaf P p=0.07, [p=0.03, [p=0.20, [p=0.52, Jp=0.086, p=0.008,
r=-0.52 |r=-0.60 [r=-038 [r=-020 [|r=-049 r=-0.70
Leaf N p=0.83, [p=0.84, [p=0.72, [|p=0.16, [p=0.92, p=0.59,
r=0.07 r=0.06 r=1.1 r=0.41 r=-0.03 r=-0.16
SRL p=0.09, |p=0.61, [p=0.046, p=0.43, |p=0.025,p=0.67,
r=-048 [r=-0.15 [r=-0.56 [=-024 |r=-0.62 r=-0.13
Flowering Date p=0.66, p=0.64, |p=043, p=0.81, [p=0.22, p=0.36,
(graminoid) r=-0.13 |r=-0.14 [|=-024 [=-007 F=-037 r=-027
SLA p=047, [p=036, |p=043, |p=0.12, p=0.31, p=0.64,
r=0.22 r=0.27 r=0.24 r=0.45 r=031 r=0.14
Root N p=0.39, [p=025 =078 |p=0.17, Jp=0.83, |p=0.53,
r=0.26 r=0.35 r=0.08 r=0.41 r=0.06 |[r=0.19
Height p=0.39, |p=0.62, [p=0.53, [|p=0.62, [p=0.80, p=0.091,
r=0.26 r=0.15 r=0.19 r=0.15 r=0.08 |[r=-0.03
LDMC p=0.009, p=0.12, [p<0.001, [p<0.001, |p=0.007,p=0.75,
r=-0.71 [r=-047 |r=-083 [r=-0.84 [r=-0.73 r=-0.11

Legend: Pearson’s Correlation coefficients (r) and p-value for the rank ordered richness or abundance with the rank
ordered PC and trait values for each graminoid. The direction and strength of the correlation are indicated by the r
value where positive or negative values indicate a positive or negative correlation of this trait with increased
neighborhood richness and abundance rankings, where greater absolute value indicates a stronger correlation.
Analyses were run separately including either summer active forbs, spring active forbs, and with both spring and

summer active forbs (all). Significant correlations (p-value < 0.05) are bolded.
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ABSTRACT

The composition and diversity of vegetative and seed bank communities are shifting in
response to changes in the abiotic and biotic environment. During periods of stressful conditions,
dormant seeds in the seed bank may act as a buffer against species loss. Germination and
persistence processes are mediated through seed traits which affect the detection of light and
water cues, the risk of seed predation, and the length of time seeds remain viable. However, seed
traits have been largely understudied except for seed mass, particularly in grasslands where
plants spend much of their lives in the seed bank. Past studies in serpentine grasslands show that
the colimitation of nutrients and water maintains diverse native vegetation and that resource
additions alter the composition of both the vegetative and seed bank communities. This study
investigates if morphological (length, mass, shape), chemical (starch, C content, C:N ratio), and
barrier (coat permeability, coat thickness) seed traits vary among functional types and between
native and non-native species. Further, we ask if seed traits are correlated with changes in seed
persistence in the seedbank under water and nutrient additions. We found that barrier traits
differed between N-fixing forbs and other groups, while few trait differences separated non N-
fixing forbs from grasses. Non-native species had longer seeds and thinner seed coats relative to
native species. We found that seed banks in habitats with more productive soils had longer seeds
that were heavier, and more spherical in contrast to light rod-shaped seeds. In the less productive
habitat, nutrient addition increased the relative proportion of longer seeds in the seed bank while
other morphological traits remained unchanged. Barrier traits responded to increasing water
availability in the less productive habitat, where seeds with thinner, less permeable seed coats
became more prevalent. Patterns of community weighted changes towards longer seeds with

thinner seed coats driven by additional resource additions are consistent with increased seed
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inputs of species with fast growth strategies, such as non-native grasses, into the seed bank. Such
community level shifts in seed traits were observed only in the less productive habitat, which
suggests that initial resource availability of the community will determine if global change
factors impact seed bank composition. Thus, conservation efforts should be focused on sites with

the lowest habitat resource availability that are predicted to experience global change factors.

INTRODUCTION

Global change factors, such as alterations in precipitation and nitrogen deposition, are
causing shifts in plant community composition and diversity. Seed banks can be important
sources of diversity as species can persist in the seed bank through unfavorable conditions,
buffering populations and communities from interannual environmental variation (Kalisz and
McPeek 1993, Fenner and Thompson 2005). Furthermore, seed banks can promote coexistence
by storing species in the seed bank (DeMalach et al. 2021, Chesson et al. 2004). The density and
diversity of the seed bank hinges on multiple abiotic and biotic factors governing seed
persistence in, and seed input into, the soil (Figure 2.1). Given the important role of seed banks
in community dynamics, understanding which traits mediate seed bank responses to
environmental factors, such as water and nutrient availability, will further our ability to predict
community responses to global change factors (Baskin and Baskin 1978, Thompson et al. 1993,
Baskin and Baskin 2006, Saatkamp et al. 2014, Saatkamp et al. 2019, Agneray et al. 2022, An et
al. 2022). However, research to date has focused on morpho-physiological traits of seedlings and
adults and much less is known about seed traits, which mediate processes such as seed
persistence, germination, and entry into the seed bank (Diez et al. 2016, Westoby and Wright

2006, Kleyer et al. 2008, Kraft et al. 2015, but see Thompson et al. 1993, Saatkamp et al. 2019).
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Morphological, chemical, and barrier (coat thickness and permeability) traits affect seed
bank dynamics through their effects on dispersal, establishment, persistence, and germination
phenology (Saatkamp et al. 2019). Morphological traits (e.g., length, mass, shape) affect
persistence. For instance, large seeds are attractive to birds, rodents, and other larger predators
(Fenner 1995, Hulme 1998, Diaz 1994). However, elongated seeds with lighter mass are less
easily buried in soil and less likely to be eaten (Thompson et al. 1993) and have higher potential
for longer distance dispersal (Nathan et al. 2011, Wilson 1993, Bullock and Clark 2000, Nathan
2006). Thus, there are trade-offs in morphological traits relating to spatial dispersal versus
persistence in the seed bank (Venable 1986, Ehrlen and Groenendael 1998, Tigano and Friesen
2016). Traits favoring dispersal might include lower mass and an elongated shape with structures
aiding in dispersal, while traits promoting seed bank persistence might include a heavier, shorter,
and rounder shape (Bekker et al. 1998, Thompson et al. 1993, Wilson 1993, Nathan et al. 2011).
Seed chemistry, such as nutrient composition, affects seed predation rates and early seedling
survival (Saatkamp et al. 2019, MacNeill et al. 2017). Seeds characterized by a chemical
composition that is appealing to predators, featuring high absolute amounts of carbon and
nitrogen, a low carbon-to-nitrogen ratio, and high starch (MacNeill et al. 2017, Ramirez and
Traveset 2010), may have lower persistence. However, a low carbon-to-nitrogen ratio may better
provision the seed for a successful establishment. Further, seed coat traits that determine the
barrier between the seed and external environment, such as seed coat thickness and seed coat
permeability, impact predation and germination rates (Traveset et al. 2008). Species with thicker
seed coats have higher persistence as they are less likely to lose viability over time (Gardarin et
al. 2010, Davis 2007), take longer to germinate, and provide more protection from predation by

microbial pathogens and fungi (Hulme 1998, Dalling et al. 2011). Similarly, an impermeable
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seed may be more persistent as it is less susceptible to predation (Saatkamp et al. 2014), but high
permeability may enable rapid germination and establishment (Nooden et al. 1985, Evenari et al.
1966).

Traits and associated ecological strategies, which mediate responses of species to global
changes, may help explain shifts in species abundance in the seed bank between native and non-
native species among functional types (LaForgia et al. 2018, Loydi and Collins 2021). For
example, under conditions of increased nutrient and water availability, non-natives can increase
in abundance (Eskelinen and Harrison 2015b, Grimes 1974, Gross et al. 2005, Huenneke et al.
1990, Flores-Moreno et al. 2016), driven by competitive traits like high growth rates, high
resource-use efficiency, and long-distance dispersal abilities (Daehler 2003, Lau and Funk 2023).
This may extend to seed traits, as non-native species might exhibit seed characteristics linked to
fast germination and low persistence (high seed mass, low C:N ratio, low seed coat thickness and
high permeability), while natives may have higher persistence and slower germination (thick
seed coats, high C:N chemical content). For example, a seed with a long rod-like shape and a
thin seed coat, characteristic of many grasses, may have higher spatial dispersal, and remain
close to the soil surface where they may quickly imbibe water leading to rapid germination
(Benvenuti 2007). However, these traits could also result in heightened susceptibility to seed
predation and lower persistence in seed banks. As N-fixers depend largely on seed pod ballistic
mechanisms or animals for dispersal, N-fixing forbs differ chemically and morphologically from
non-N-fixers (Baskin 2003, Wilcots et al. 2019). N-fixers may possess high chemical stores, and
large, heavy seeds that are less likely to develop wind dispersal structures (McKey 1994, Baskin

2003, Wilcots et al. 2019). Through investigating seed traits we enhance our understanding of
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what mechanisms may be driving differences in seed bank dynamics between native and non-
native species and functional types.

Low productivity habitats, such as serpentine grasslands, can support high native
diversity and endemism of species with diverse sets of traits (Brushmann and Hobohm 2013) and
may be more sensitive to global change factors (Knapp et al. 2015). Studies in low productivity
grasslands have demonstrated that soil resource availability drives differences in seed bank
dynamics between natives and non-natives, and across plant functional types (Eskelinen et al.
2021, LaForgia et al. 2018, Larson and Suding 2022). Further, low productivity soils exhibit
greater changes to community trait values in response to global change factors (Eskelinen and
Harrison 2015b). We expect that soils with lower productivity will have higher abundances of
seeds with slow germination and high persistence traits (Spasojevic and Suding 2012, Hooper et
al. 2012). However, with resource additions, traits associated with fast germination and low
persistence may become less common in the seed bank community, as species with these traits
are consumed or germinate. However, if fast-germinating species are successful in establishing,
then these traits may increase in abundance as offspring are added to the seed bank.

Global change factors may greatly impact seed bank diversity, mediated by trait values,
soil habitat, and changes to the composition of the emergent community (Eskelinen et al. 2021).
In this paper, we explore whether seed traits vary along axes that represent morphological,
barrier, and chemical traits which mediate critical regeneration processes (Saatkamp et al. 2019).
We then ask if seed traits differ between native and non-native species, and among functional
types (grass, forb, N-fixer). Finally, we ask if seed traits of the community shift with the nutrient
and water addition, and if so, how habitat productivity (i.e., soil fertility) affects these shifts. We

predict trade-offs between traits associated with germination speed and ability to persist in the
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seed bank and that natives will display traits associated with slow germination and high
persistence. Further, we predict that grasses will exhibit traits favoring dispersal such as longer,
lighter, oblong seeds with dispersal appendages in contrast with forbs that will have traits
focused on high persistence. As the functions of persistence and dispersal differ between N-
fixers and non-N-fixers (Wilcots et al. 2019), we expect N-fixing forbs will prioritize persistence
with well-developed barrier traits (Baskin et al. 2000, Baskin 2003) as well as nutritious
chemical traits (Wilcots et al. 2019). We expect that seedbanks in low productivity habitats (i.e.,
low soil fertility) will have traits favoring slow germination and high persistence. Further, we
expect that seedbanks from the low productivity habitat will experience stronger shifts in trait
composition in response to resource additions. In response to nutrient and water resource
additions we expect that seeds with high germination and/or low persistence traits will be
removed from the seed bank, unless resource additions are predominantly affecting seed bank
composition through seed production, in which case traits associated with high germination will

become more common.

METHODS
Study site and experimental set-up

Our study builds off of work done at the McLaughlin reserve in a native serpentine
grassland system in the Inner North Coast Range of California (Eskelinen and Harrison 2014,
2015, Eskelinen et al. 2021). This site is characterized by a Mediterranean climate with winter
precipitation and dry hot summers (Eskelinen et al. 2021), with a mean annual temperature of
15.1 degrees C and precipitation of 761.9 mm (1990- 2020) (Western Regional Climate Center

2021). While initial treatment years had normal precipitation (2010- 2012), there was a drought
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for some treatment years (2013-2015, average precipitation of 434.0 mm). Precipitation was
870.5, 1043.0, 532.4, and 1079.5 for the seed collection years (2016 - 2019). In this study, we
considered “harsh serpentine” grassland habitats as a low productivity soil (Eskelinen and
Harrison 2014). Harsh serpentine is characterized by coarse rocky soils, high native diversity,
and very low biomass. In contrast, “lush serpentine” soils were higher productivity soils
characterized by fine-textured, alluvial soils, intermediate biomass between the harsh serpentine
and the non-serpentine, and a mixture of natives and non-native species (Eskelinen and Harrison
2015a). In addition to being characterized by low nutrient availability, serpentine soils have high
concentrations of heavy metals and low water holding capacity (Damschen et al. 2012). Further,
in this habitat, soil fertility varies greatly with soil depth and texture (Damschen et al. 2012),
affecting plant community composition and resistance of the community to invasion (Daehler
2003, Eskelinen and Harrison 2015b).

A full factorial manipulative experiment was conducted from 2010- 2014, when 90 harsh
and lush serpentine experimental plots were selected and randomly assigned to a water addition,
nutrient addition, control, or both treatments. There are 10-12 replicates per treatment
combination for each soil-type. Nutrient addition followed the Nutrient Network protocol and
corresponded to upper estimates of nitrogen deposition in CA (slow-release granular NPK 10-10-
10 with micronutrients, with 3.3 g /m2 of each element in November, February and March each
year) (Borer et al. 2014, Eskelinen and Harrison 2015b, Fenn et al. 2003). Water addition plots
increased average annual rainfall by approximately 18%. This was achieved through the addition
of 2.5cm of rainwater applied overnight from a height of 50cm. Watering occurred weekly to
extend the spring water availability for an additional 8 weeks; water treatment started when

winter precipitation stopped for the season (1+ weeks without rain) in March or April. Watering
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treatment was designed to extend the rainy season following previous work in California
grasslands, based on previous climate projections (Suttle et al. 2007, Eskelinen and Harrison
2015Db).

We grew out the persistent seed bank in order to capture responses to the plant
community composition to global change factors (Eskelinen et al. 2021). We sampled the
persistent seed bank by collecting soil samples following spring germination but prior to seed set
(April 4th - 9th, 2017). To do so, we collected soil from a 25 by 25 cm square from within the
treatment plots to a depth of 5 cm. Soil was then stored under similar conditions to the field,
experiencing a hot dry summer, and transferred to a greenhouse in the fall to mimic field
germination conditions. Soil was carefully sifted, and all large rocks and organic debris were
removed from the sample (> 1 cm3). Soils were then spread over a mix of potting soil and sand
in 1080 flat trays in a fully randomized design and watered daily to maintain moist soils. All
stems that emerged were counted and removed from the trays. The experiment continued for 2
years during which time there was periodic manual disturbance of soils and a dry down at the
end of the spring period to mimic field conditions. Unknown seedlings were transplanted and
grown until ID could be verified. Following the grow-out, total abundance for each species was

determined for each plot (Eskelinen et al. 2021).

Seed collection and trait measurements

Seeds were collected at McLaughlin reserve near the experimental site on serpentine soil
using protocols from the LEDA Trait database (Kleyer et al. 2008). Collection took place during
the spring and summer of 2016, 2017, 2018, and 2019. Seeds were stored in envelopes by the
maternal family in a dry room-temperature cabinet or in a -18 degrees Celsius freezer after seeds

were oven dried at 63 degrees Celsius for a minimum of 72 hours. We measured morphological,
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chemical, and barrier traits (Table 2.1; Saatkamp et al. 2019). Traits were selected in accordance
with commonly and efficiently measured morphological traits such as seed mass, seed shape, and
seed length (Thompson et al. 1993). We further characterized investment in morphological
dispersal structures through a binary categorization of seeds with or without an ephemeral
appendage (wing, pappus). Additional morphological data was collected using VideometerLab
multispectral acquisition system (Videometer A/S, Denmark), which uses 19 wavelength
imaging to determine characteristics of seeds (reflectance, texture, seed dimensions, deviation
from ovoid shape) (Table 2.1; Boelt et al. 2018). To measure chemical traits, carbon, nitrogen,
and carbon-to-nitrogen (C:N) ratio samples were bulked from 5 maternal families and ground up
and placed in tin capsules for combustion sampling (PDZ Europa ANCA-GSL elemental
analyzer with PDZ Europa 20-20 IRMS, Sercon Ltd., Cheshire, UK) at UC Davis Stable Isotope
laboratory.

Finally, the starch-iodine test was used to determine the presence or absence of starch
content (starch), via observing if a color change occurred on imbibed, dissected, and starch
treated seeds under magnification (Table 2.1, S14; Jones and Earle 1966, Jeong et al. 2010).
Further, barrier traits that may respond to changes in nutrient and water availability (seed coat
permeability, seed coat thickness). Seed coat permeability (SCP) was measured as the percent
change in mass of seeds exposed to water for 24 hrs (+/-2hrs) (Traveset et al. 2008). Seed coat
thickness (SCT) was measured using 80x magnification of dissected seeds under a microscope.
We measured SCT on seeds dissected in a horizontal direction (Table 2.1). All traits were
measured on seeds bulked from 10 maternal families in approximately equal proportions

whenever possible (smallest # families = 3).
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Statistical analyses

We used Principal Component Analysis (PCA) on standardized and centered data to
differentiate axes of trait variation using R package vegan (Oksanen et al. 2022), ANOVA to
compare PC values between functional types and species origin groups and determined
correlations between trait values using package vegan (Oksanen et al. 2022) We checked trait
distributions and transformed traits: SCT was square root transformed, seed compactness was
transformed through taking the natural exponent, and all other traits were log transformed (mass,
length, texture, shape, SCP; Table 2.1). Texture data was missing for seven species, here the
median texture value was substituted (Dray and Josse 2015). Results from analyses excluding
species with missing values were similar. We ran post-hoc testing on ANOVA results using
Tukey pairwise comparison. Highly correlated traits were removed from the analysis (Figure
S2.1, Table S2.1).

To determine shifts in traits at the community scale, we ran mixed effect models using
package nlme (Pinheiro 2023). We ran models for each habitat type (lush, harsh) for PC1
through PC4. In our model the response variable was the community weighted mean (CWM) of
the PC for the plot, calculated as the PC value for each species multiplied by the species
abundance and divided by the absolute abundance of the plot, summed across all species in the
plot. Models included fixed effects for nutrients, water, and their interaction. Further, to account
for community heterogeneity within the field site and experimental design, we included watering
lines from the field experiment as a random effect. There were 5 watering lines serving the 90
plots. On average trait data covered 82% (se=2.3%) of individuals within a plot of the overall
community. Differences between species origin and treatment groups were identified via post

hoc tests using package emmeans (Lenth et al. 2023) and model assumptions were checked using
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package DHARMa (Hartig 2022). All data processing and analyses were done using R version

4.3.1 "Beagle Scouts"(R Core Team 2023).

RESULTS

Primary axes of variation were for morphological traits on PC1 and 2, followed by barrier
traits orthogonally positioned on PC 3 and 4 (Figure 2.2). Chemical traits were associated with
both morphological and barrier trait axes (Figure 2.2). Seed size (length) loaded most strongly on
PC1, and longer seeds were positively associated with greater mass, more oblong shape, less
compact shape, higher texture, and lower likelihood of having an ephemeral dispersal structure.
In contrast, shorter seeds tended to have a somewhat rounder, compact shape, with lower texture
and fewer dispersal structures (PC1, 27.3% of variance explained). We also found a trade-off
between seed shape and mass, such that more oblong seeds were lighter while rounded seeds
were heavier and had less carbon (PC2,16.1% of variance explained, Figure 2.2, Table S2.2).
While barrier traits (SCT and SCP) represented separate axes from morphological traits, they
were not combined into a single axis but clearly occupied separate axes with or without chemical
traits. SCT was associated with chemical traits where thicker seed coats and carbon content
trade-off with higher starch content and a higher C:N ratio (PC3, 13.1% of variance explained),
while SCP dominated the 4™ PC axis (PC4, 9.9% of variance explained). Further, chemical traits
were incorporated in the morphological axes as larger seeds displayed higher C:N ratios and less
carbon content than smaller seeds (PC1), and heavier, rounder seeds had less carbon content
(PC2; Figure 2.2, Table S2.2).

Non-native species exhibited significantly different traits compared to natives, and forbs

showed significantly different traits from N-fixing forbs (Figure 2.2, Table 2.2). As expected,
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non-natives were larger in seed size (PC1) and with thinner seed coats and greater starch content
(PC3), than natives. However, non-natives and natives did not differ in morphological proportion
nor SCP. Forbs and grasses did not differ in barrier traits (PC3, PC4); however, grasses were
larger (low PC1 values) representing many traits including long length, rod-like shape, presence
of an ephemeral dispersal structure, rougher texture, heavier mass, and lower carbon content
(Figure 2.2, Table 2.2, Table S2.3). N-fixing forbs and non-N-fixing forbs had similar overall
size (PC1), SCT, and starch values (PC4). However, N-fixing forbs were less permeable (PC4)
and had different morphological proportioning with a higher mass and rounder shape compared
to non-N-fixing forbs (PC2). Finally, we found that N-fixing forbs were smaller (PC1), rounder
and heavier (PC2), and had thicker seed coats and less starch (PC3) than grasses (Figure 2.2,
Table 2.2). For individual species PC values see Table S2.4.

Low productivity (harsh serpentine) communities tended to have smaller, lighter, rod-
like, and thicker coated seeds than the high productivity (lush serpentine) communities (Figure
2.3, Table 2.3). Further the productivity of the community had a significant impact on the trait
responses to treatments in all models (Table 2.3). For harsh serpentine soils exposed to nutrient
addition, the community shifted towards longer seeds, and seeds with a thinner seed coat and/or
higher starch content (PC1, PC3). Exposure to water also shifted the community towards seeds
with a thinner seed coat in addition to less permeable seed coats (PC3, PC4). The shape and
mass, i.e. morphological proportioning, axis (PC2) showed different responses to water and
nutrients based on soil type and when combined. In harsh soils, water and nutrients shifted the
community towards species with lighter, less spherical seeds (Figure 2.3, Table 2.3). In lush
serpentine soil, nutrient addition reduced SCT and increased starch (PC3), while water reduced

the community seed size (PC1; Figure 2.3, Table 2.3).
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DISCUSSION

In this study we asked whether seed traits vary along axes associated with morphological,
chemical, and barrier traits, how they vary across functional types, and if these relationships shift
under global change factors. We found four main axes of variation describing traits that align
with germination and establishment (PC1), persistence (PC2, PC3) or both functions (PC4).
Further, we found that while forbs and grasses differed in seed size (length; PC1), they did not
differ in barrier or chemical traits. However, non-N-fixers differed broadly from N-fixers. We
observed more changes in seedbank trait composition, and a greater magnitude of change, in the
low productivity habitat with resource additions. Responses of traits (PC1, PC3) support the idea
that resource addition moves the community toward fast germination and low persistence. SCP
was more affected by moisture levels, whereas SCT responded more to nutrient additions. This
suggests that highly permeable seeds may be removed from the community in response to
resource addition as hypothesized. Thus, our results demonstrate that seed traits within the seed
bank are indeed responsive to global change factors and highlight important interactions between

seed traits and environmental factors across functional types and habitats.

Seed trait trade-offs

Trait trade-offs exist within morphological traits and among barrier and chemical traits
which relate to functions associated with regeneration processes. As expected, we found a trade-
off between seed shape and mass, ranging from light, rodlike seeds to heavy, round seeds. This
may correspond to distinct strategies characterized by slow germination and a greater seed burial
rate (rounder, heavier seeds) versus fast germination and greater long distance dispersal ability
(lighter, rod-shaped seeds) (Ramirez and Traveset 2010, Gong et al. 2015, Bekker et al. 1998,

but see Benvenuti 2007). High SCT and low starch content, which were aligned in our study,
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may increase persistence via a reduction in predation as predators prefer higher starch content
and thinner seed coats due to their reduced fiber content (MacNeill et al. 2017, Gong et al. 2015,
Janzen 1971). While a literature review found that additional chemical defenses, such as
phenolic compounds may be higher in seeds with thinner seed coats, there is no correlation
between desirable seed chemistry to predators (protein and oil content) and SCT (Gardarin et al.
2010). Surprisingly, however, we found that SCT and SCP aligned onto orthogonal axes,
suggesting that these traits may not be coordinated in environments with limited water
availability. This suggests that SCT may not relate directly to dormancy strategies in dry
environments and illustrates the complex role of seed coat mechanisms in dormancy breaking
behavior (Saatkamp et al. 2014, Baskin 2003), however, it remains to be tested if SCT and SCP
represent separate barrier axes and processes in wetter climates. More work on a greater range of
chemical traits and barrier traits as well as further investigation of how these traits relate to one
another would be useful. Further, quantification of intraspecific variation in these traits remains
largely unknown (Saatkamp et al. 2019) and would allow more direct links to the processes of

persistence and germination.

Seed traits vary across species

Seed traits varied across native and non-native species and functional groups, although
not all of our predictions were supported. We predicted that grass species, which seldom
maintain long-term persistent seed banks (Fenner and Thompson 2005), would have a different
set of chemical and barrier traits than forb species, which can persist in the soil for many years
(Thompson 1987, Loydi and Collins 2021, Saatkamp et al. 2014). However, we found no
substantial differences between barrier traits of forbs and grasses despite substantial divergences

between seed dormancy strategies, and the acknowledged role of barrier traits in influencing
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dormancy, seed germination (Nooden et al. 1985, Baskin et al. 2000), and predation (Gardarin et
al. 2010). Indeed, seed banking of grasses may be more common than previously thought (Dairel
and Fidelis 2020, Xavier et al. 2021), or barrier traits may not be reliable indicators of dormancy.
Permeable seed coats were common, although highly variable, within forb and grass functional
types and species origins. As SCP determines a seed's response to water availability, high SCP
may be useful in drylands where ambient seasons are short (Nawaz et al. 2013, Dalil 2014).

Further, we found N-fixing forbs have strong barriers to the environment with less
permeable coats than forbs and thicker coats than grasses. However, past studies suggest that N-
fixing forbs may shift allocation of resources to adjust barrier traits in response to environmental
conditions, resource availability (Nooden et al. 1985), and as seeds mature (Marbach and Mayer
1974). Thus N-fixing barriers and predation rates may be highly context dependent although, as
high N generally increases allocation to seed defense (Grubb 1998), N-fixers are likely well
defended chemically if not physically (Wilcots et al. 2019). While there was no difference in
SCP based on species origin, we did find that native species, which are potentially well adapted
to the system, possess thicker seed coats with less starch content (PC3) than non-native species,
supporting our prediction that non-natives may have less defense against predation in contrast
with natives.

We found that seeds of natives, forbs, and N-fixers were shorter in length than grasses
and non-natives, and these traits were consistent with our prediction that non-natives prioritize
faster germination and establishment compared with native species. This differs from some
research contrasting native and non-native species which show no differences across multiple
habitats in carbon capture strategies (Leishman et al. 2010) or leaf economic spectrum traits

(Tecco et al. 2010) and research contrasting carbon assimilation and leaf economic strategies
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within low-fertility serpentine systems worldwide (Funk et al. 2016). In contrast to expectations
(Moravcova et al. 2010), when accounting for overall seed size, natives were similar to non-
natives, and grasses similar to forbs with respect to seed mass and shape (PC2). While we find
that non-natives and grasses are larger in overall seed size, which may indicate a greater
competitive advantage in early establishment, grass and forb species; being lighter, more oblong,
and often having appendages, may be better suited for wind dispersal than N-fixing forbs
(Moravcova et al. 2010, Sperry et al. 2021). The heavier, rounder seeds of N-fixing forbs,
relative to grasses and forbs, may assist with seed bank persistence through higher burial rates. In
conjunction with strong barrier traits, this may allow N-fixing forbs to undergo variable
dormancy periods and may reflect bet-hedging strategies. N-fixing seeds have been found to
have largely clumped dispersal patterns (Wilcots et al. 2019), and high clumping may reduce
offspring survival due to intra-specific competition; however, dispersing germination over both
time and space may contribute to population resilience (Chen et al. 2020) and community
composition (Plue and Cousins 2017).
Effects of resource addition on seed traits depends on soil fertility

In low productivity soil, we found fewer seeds and seeds that were shorter, lighter and
more rod-like with thicker seed coats. This may be due to differences in nutrient and water
availability as well as other factors. Harsh serpentine has a higher pH (Gravuer and Eskelinen
2017) and higher fungi presence (Basto et al. 2015b, Du et al. 2023), which may increase
predation rates reducing seed persistence. As increased water and soil fertility attracts additional
arthropods and fungi predators (Schafer and Kotanen 2003, Wagner and Mitschunas 2008), seeds
with traits increasing burial (heavier, more spherical) may be more protected from predation than

seeds near the soil surface. Another potential reason for the differences between habitats in mass
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and shape may be that morphological proportioning is primarily associated with dispersal or
establishment success and indirectly with persistence in the seed bank. Past studies support this
through findings that seed mass is correlated with establishment success (Moles and Westoby
2006). Further, seed shape and seed mass are related to seed dispersal potential, whereby lighter,
more rod-like seeds disperse further, and we expect a trade-off with lower seed bank persistence
(Peart 2016, Thompson 1987, Wilson 1993).

In our study, water addition had stronger effects on seed bank trait composition for
barrier and chemical axes and these effects were restricted to harsh soils. We hypothesized that
we would see shifts in the community towards thicker, less permeable seed coats in seed banks
exposed to water addition, as thinner, permeable coats may germinate at higher rates as well as
be targeted by predators. While we found lower SCP with water addition, SCT unexpectedly
showed the opposite pattern. Further, we found that seed length (size) increased. These findings
mirror those from LaForgia et al. (2018) who found that drought increased the relative
abundance of native forbs in the seed bank (smaller seeds) and reduced non-native grass
abundance (larger seeds). This pattern may be due to overall growth strategies that correlate with
small seeded species using a drought escape strategy (Kooyers 2015, LaForgia et al. 2018). Due
to the nature of the experiment whereby water extended the growing season, this may have
provided additional time for reproduction to occur (Suttle et al. 2007, Eskelinen and Harrison
2015b). Further, with added water, the competitive advantage conferred to seeds with high
permeability and rapid water response as part of a drought escape strategy may be reduced (Dalil
2014, Nawaz et al. 2013).

Similar to the effects of water addition, there was a greater effect of nutrient addition on

harsh soil communities. Nutrients increased seed length and reduced community SCT on harsh
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soils but only slightly reduced SCT on lush soils. This mirrors patterns observed in the emergent
community, where nutrient addition on low fertility soils shifts the community in favor of
species with more acquisitive strategies, such as taller plants with higher SLA (Eskelinen and
Harrison 2014, 2015b). This shift may occur if N fixers, which we found to have high SCT, are
preferentially removed from the seed bank, although this would be surprising as thicker seed
coats should offer greater protection. Alternatively, this community shift to species with more
acquisitive traits (longer seeds, thinner coats) may be due to large increases in non-native
abundance, as was found in the aboveground community (Eskelinen et al. 2014, 2015b). It may
be that N fixers are competitive under nutrient poor conditions, when they have access to more N
than non-natives, but are unable to compete with non-natives with nutrient additions to the
community. Regardless of seed predation rates, if N fixers are unable to compete with non-
natives, they will have a much smaller proportion of seed inputs and the SCT of the community
will shift towards the thinner seed coats of non-natives. Thus, while we are unable to explicitly
determine the mechanism behind the community shift in seed traits with our data set, we suspect
that decreased SCT with additional nutrient availability is primarily due to differences in seed

inputs, and that seed inputs are driving changes in the seed bank community composition.

Conclusion

Our findings identify key axes of seed trait variation that change at the community level
when exposed to global change factors. Morphological trait axes, while accounting for the
largest amount of variation in the data, had limited responses to resource additions, and only in
resource limited, low productivity habitat. As seeds with a thick seed coat were not aligned with
low SCP as we expected, but rather aligned with chemical traits, barrier traits may be relevant to

different processes. Higher SCT, a trait that native species have, may indicate higher defensive
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traits while SCP may relate primarily to seed germination strategies and operate independently
from other traits. Our findings from comparing functional types suggest that while grasses and
forbs have similar trait values, N-fixing forbs are distinctive in barrier traits and are more
spherical and heavier than non-N fixers. The intra-functional type variation within barrier traits
further signifies the value of considering individual species and connecting relevant traits to seed
bank persistence. Further, additional exploration of chemical traits and how they relate to SCT
would be useful. In contrast with other trait axes, SCP does not differ between habitats or with
nutrient addition, yet SCP decreased with water addition supporting our initial hypothesis that
seeds with high SCP may be removed from the community under water addition.

Our results demonstrate the relevance of habitat resource availability in determining
community seed trait responses to changing nutrient and water availability. Changing resource
inputs will differentially affect communities in stressful habitats and on low productivity soil
types. Changing nutrient availability may result in more varied and substantial changes in low
productivity community composition than in areas of greater productivity. Further, as
community responses were stronger in harsh serpentine habitat than on soils with greater
resource availability, this suggests that conservation efforts should be focused on sites with low
resource availability, and where shifts in precipitation and nutrient availability are expected. As
seed bank abundance and diversity influence the long-term resilience of communities to global
changes, preserving the seed bank and understanding how barrier seed traits interact with global

changes is critical to the conservation of grassland communities.
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FIGURES AND TABLES

Figure 2.1: Seed bank composition conceptual diagram
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Legend: This diagram illustrates processes affecting vegetative plants with green boxes and seeds with white boxes.
Seed traits in yellow are chemical traits, purple are morphological traits, and pink are seed coat barrier traits. Arrows
from seed traits to processes indicate known mechanisms where a particular seed trait influences a process. Arrows
do not indicate the strength or frequency of this relationship and additional relationships between seed traits and
processes not shown are likely. Most literature shows how resource addition affects processes; here we explore how
traits mediate the effects of resource addition on vegetative and seed bank processes which ultimately determine
seed bank composition. Resource additions of water and nutrients will affect vegetative growth, competition, and
seed production (Keller et al. 2023, Leishman et al. 2000) as well as germination (Bekker et al. 1998, Davis 2007,
Basto et al. 2015a, Carta et al. 2022, Saatkamp et al. 2014) and persistence in the seed bank (via reduced seed
viability: Dalling et al. 2011, Pakeman et al. 2012, via increased predation: Davis 2007, Schafer and Kotanen 2003,
Wagner and Mitschunas 2008). Additionally, vegetative growth reduces germination by limiting light availability
(Jankowska and Daws 2007) and litter accumulation (Jessen et al. 2023, Van Mourik et al. 2005).
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Figure 2.2: Principal component ordination
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Legend: Principal components analysis where points represent mean trait values for each species; shapes illustrate
whether the species is a forb (circles), grass (triangle), or N-fixing forbs (“N-fixer”; squares) and native and non-
native species are gray and black respectively. Arrows represent vectors indicating strength and direction of trait
loadings. The large white shapes outlined in black indicate the group mean for each functional type.
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Figure 2.3: CWM response to treatments
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Legend: Community weighted mean (CWM) of PC values for different treatments and soil types. Color indicates
treatment: lightest gray (control), light mid-gray (nutrient addition), dark-mid gray (water addition), dark (combined
water and nutrient addition). The left panel is the harsh serpentine, less productive soil and the middle panel is the
lush serpentine, more productive soil. Different letters indicate significant differences in estimated CWM across all
treatments and soil types. Trait loadings for each PC are indicated in the right panel. See full models in Table 2.3.
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Table 2.1

Trait Trait category Units and formulas Methods
Mass Morphological grams Cornelissen et al. 2003
Length of longest axis  |[Morphological mm Thompson et al. 1993
(size)
3D Shape (shape) Morphological non-dimensional: 0 (spherical) to 0.3 (rod-like) |[Thompson et al. 1993
variance of seed length, width, and depth, after
transforming values so that length is unity
2D Seed compaction Morphological non-dimensional: variance from an ellipse VideometerLab
(compact) calculated as (4*area) / (pi*length*width). Manual
Ephemeral dispersal Morphological binary: Presence of ephemeral dispersal Modified from LEDA
structure (disp) structure (1), no dispersal structure or persistent |dispersal structure
structure (0) categorizations:
Kleyer et al. 2008
Seed texture (texture)  [Morphological ratio of vertical to horizontal grain energy where |Videometer Lab
higher values indicate a smooth surface and Manual
lower values indicate a rough or patterned
surface
calculated as (horizontal covariance) / (vertical
covariance)*(1/mean)
Starch content (starch) [Chemical binary: no starch content (0) starch content (1) |Jones 1966,
Jeong et al. 2010
Carbon: nitrogen ratio  [Chemical ratio of carbon (g) / nitrogen (g) UC Davis Stable
(C:N ratio) Isotope Laboratory
Carbon content (C) Chemical percent carbon (g) UC Davis Stable
Isotope Laboratory
Seed coat thickness Barrier mm
(SCT)
Seed coat permeability  |Barrier change in mass after 24 hours Traveset et al. 2008

(SCP)

calculated as: (wet mass (g) - dry mass(g)) /
(dry mass (g)

Legend: Seed traits measured with trait type, definition of measurement, and methods citation. VideometerLab
multispectral acquisition system software (Videometer A/S, Denmark) was used to measure seed length, shape,

compaction, and texture.

49




Table 2.2

ANOVA table Estimate Estimate F value p-value
PC * species origin Non-native |Native

PCl1 -0.86 0.23 7.37 p=0.009
PC2 0.49 -0.13 2.93 p=0.10
PC3 -0.50 0.13 3.45 p=0.07
PC4 0.38 -0.10 2.77 p=0.10
PC * Functional type |Grasses Forbs N-fixing forbs

PCl -3.04b 0.47 a 0.04 a 20.24 <0.001
PC2 0.04 a -0.25 a 1.57b 6.84 p=0.002
PC3 -1.12a 0.01 ab 0.49 b 3.66 p=0.03
PC4 0.27 ab -0.22 a 1.13b 6.07 p=0.004

Legend: Pairwise differences of PC values by species origin and functional type; estimates are the group
means. The p-value indicates if there is a significant difference between any of the groups and significant (p-
value < 0.05) contrasts are bolded. Letters shared by groups indicate that those group means are not
significantly different from each other in a pairwise Tukey comparisons across groups.

50



Table 2.3

Response Fixed parameters p-value of model  |Estimate value |[R2 Marginal /
variable: CWM (loglikelihood ratio |(standard error) |R2 Conditional
comparison)
PCl1 Intercept (Harsh control) NA -0.634 (0.231) |0.49/0.57
Lush soil NA -1.975 (0.272)
Water NA -0.609 (0.278)
Nutrients NA -1.254 (0.280)
Water: Nutrients p=0.236 0.621 (0.398)
Water: Soil p=0.069 0.781 (0.389)
Nutrients : Soil p=0.069 1.201 (0.385)
Water: Nutrients : Soil p=0.267 -0.584 (0.550)
PC2 Intercept (Harsh control) NA -0.112 (0.151)  [0.51/0.62
Lush soil NA 0.828 (0.167)
Water NA -0.110 (0.171)
Nutrients NA -0.350 (0.171)
Water: Nutrients p=0.066 0.636 (0.244)
Water: Soil p=0.340 0.158 (0.238)
Nutrients : Soil p=0.340 0.289 (0.236)
‘Water: Nutrients : Soil p=0.053 -0.630 (0.337)
PC3 Intercept (Harsh control) NA -0.207 (0.188) |0.38/0.59
Lush soil NA -1.065 (0.184)
Water NA -0.714 (0.187)
Nutrients NA -0.515 (0.188)
Water: Nutrients p=0.122 0.384 (0.267)
Water: Soil p=0.004 0.621 (0.261)
Nutrients : Soil p=0.004 0.294 (0.257)
Water: Nutrients : Soil p=0.554 -0.208 (0.369)
PC4 Intercept (Harsh control) NA -0.650 (0.132) |0.22/0.22
Lush soil NA 0.068 (0.187)
Water NA 0.623 (0.196)
Nutrients NA 0.060 (0.196)
Water: Nutrients p=0.901 -0.283 (0.280)
Water: Soil p=0.005 -0.777 (0.273)
Nutrients : Soil p=0.005 -0.254 (0.270)
Water: Nutrients : Soil p=0.181 0.496 (0.386)

Legend: Community weighted mean (CWM) of the top four PC axes modeled using the parameters of soil type,
treatment, the interaction between soil type and treatment, the interaction of nutrient and water treatments and the
full three-way interaction of water, nutrients, and soil type. All models include a random effect of the watering line
assigned to the plot as these plots may be spatially correlated.
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ABSTRACT

As precipitation patterns change, populations with particular traits or life history
strategies may be better able to cope with changes and persist. Shifting water availability for
plants may trigger transgenerational plastic effects, i.e., resulting in different trait expression in
offspring. Transgenerational effects may impact early seedling traits and, consequently, future
plant performance. We asked whether seedling traits varied across three populations along a
precipitation gradient, and in response to three maternal environment treatments (drought,
control, well-watered). Further, we examined whether seedling traits impacted seedling survival
under drought and first year reproductive output. We found that the low elevation population,
which was the driest, had the most resource acquisitive root traits, such as high specific root
length and small root diameter. Surprisingly, maternal environment treatments had few impacts
on seedling traits, but we observed greater resource acquisitive root traits for seedlings from
maternal plants in water addition treatments in contrast with offspring from droughted plants.
Survival was similar across populations and maternal treatments, yet longer survival aligned with
higher seedling root mass fraction and earlier emergence. The low elevation population generally
had a higher probability of flowering and higher seed production. However, effects of maternal
environment treatment differed across the gradient, with drought maternal treatment tending to
increase the probability of flowering at the low elevation site but decreasing the probability of
flowering at the high elevation site. Across sites, the probability of flowering increased with
greater resource acquisitive root traits. Our findings suggest that water availability for the
maternal plant and population may be relevant for determining first-year flowering, and that

traits associated with resource acquisitive roots or fast growth may facilitate reproduction. A
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better understanding of maternal environment on traits and performance will inform management

and provide insight into processes affecting population persistence.

INTRODUCTION

As droughts become longer and more frequent (Dutkowski and Potts 2012), plants must
tolerate stressful conditions in order to survive and reproduce. Faced with limited resources,
plant performance will vary across and within populations (Baughman et al. 2019, Butterfield et
al. 2017b) due to differences in phenotypic plasticity (Sultan and Bazzaz 1993), local adaptation
(Blumenthal et al. 2021), and genetic diversity (Donohue and Schmidt 1999, Baskin and Baskin
2004). By identifying functional traits affecting survival, growth, or fecundity (Violle et al.
2007), and understanding their variation and impact on performance under limited water
availability, scientists can predict which populations are most likely to persist in a changing
climate (Kimball et al. 2016, Angert et al. 2011, Demarche et al. 2020, Laughlin et al. 2020).
However, trait expression depends on the environment, and changes in water availability can
alter trait expression in individuals (Sultan and Bazzaz 1993) as well as in future generations
(i.e., their offspring), which cannot be easily inferred without study (Zirbel and Brudvig 2020).
Studies considering the effects of water availability on offspring trait expression, and if these
traits link to plant performance, remain rare (Drenovsky et al. 2016).

Traits associated with plant growth strategies hold promise for predicting individual and
population responses to environmental changes (Westoby et al. 2002, Garbowski et al. 2020,
Harrison and LaForgia 2019, Zirbel and Brudvig 2020, Roybal and Butterfield 2019). Various
frameworks, such as the plant economic spectrum, differentiate fast-growing, resource-

acquisitive species (with high specific leaf area [SLA], high nitrogen [N] content) from slower

54



growing species that have longer-lived tissues (Reich et al. 2014, Wright et al. 2004, Diaz et al.
2016). Recent efforts have integrated root trait dimensions into these economic frameworks
(Carmona et al. 2021, Weigelt et al. 2021). Trade-offs between growth rate (high root nitrogen
content) and structural endurance of roots (high root tissue density, RTD) create a belowground
resource conservation gradient which aligns with the leaf economic spectrum (Carmona et al.
2021). Furthermore, a fungal collaboration gradient differentiates plants that acquire resources
themselves through acquisitive tissues (e.g., high specific root length, SRL) from plants that
outsource resource uptake to mycorrhizal symbionts (e.g., larger root diameter; Bergmann et al.
2020). Resource acquisitive traits may be essential for plants with drought escape strategies that
include fast growth and senescence to avoid dry conditions, while stress tolerance traits are
needed for withstanding the negative effects of drought (Blanco-Sanchez et al. 2022, Kooyers
2015). For instance, a large root diameter may be particularly useful in drylands as thick roots
reduce the risk of hydraulic failure, store non-structural carbohydrates which allow further
osmoregulation (Chaves and Oliveira 2004), and enhance tissue lifespan (Weemstra et al. 2016,
Lozano et al. 2020). The significance of root traits is demonstrated by studies showing
populations in drier climates have thicker roots (Zhou et al. 2019), and that thicker roots may
develop when plants are exposed to drought (Lozano et al. 2020, Zhou et al. 2018, although see
Comas et al. 2013). By using trait variation to identify plant strategies and measuring how these
strategies relate to performance, we will further our understanding of long-term population
viability and how shifting environmental conditions will differentially impact species
(Butterfield et al. 2017a, Leger et al. 2019, Leger et al. 2020).

The narrow window from germination to establishment is a perilous time for a

plant during which the ability to survive harsh conditions depends on seedling trait strategies
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(Harrison and LaForgia 2019, Atwater et al. 2015, Grubb 1977). There is evidence that trait-
environment relationships may change as species age (Funk et al. 2021, Tautenhahn et al. 2019);
and more resource acquisitive traits may provide a greater benefit to younger individuals
compared to adult plants (Funk et al. 2021). However, differences in seed and seedling traits and
how these relate to performance remain understudied compared to adult traits (Larson and Funk
2016a, Garbowski et al. 2021, Saatkamp et al. 2019). These studies have demonstrated that
seedlings can enhance establishment and drought response through a variety of mechanisms. For
example, acquisitive root traits (high SRL, high root tip number, high root length) may enhance
water uptake and increase establishment rates while traits that conserve resources (small stature,
higher relative root mass ratio, low SRL) may enable seedlings to endure drought stress (Leger et
al. 2020, Larson et al. 2020, Atwater et al. 2015).

Traits may vary greatly among and within populations (Roybal and Butterfield 2019,
Tautenhahn et al. 2019), understanding how this variation arises, and which trait values are
beneficial under drought conditions is necessary to predict population performance. This
intraspecific variation can arise from plasticity to the environment, genetic differences,
transgenerational (maternal) effects, or combinations of these factors. Transgenerational effects
are plastic responses of offspring due to the environmental conditions experienced by the
preceding generation, often from the maternal plant (i.e., maternal effects). We know that
maternal effects vary between populations and may be an important aspect of local adaptation
(Hereford and Moriuchi 2005). For instance, a seedling's ability to germinate, establish, and
compete varies with seed traits (mass, resource stores, seed coat thickness). These traits develop

depending on how the maternal plant responds to the environment (Roach and Wulff 1987,
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Donohue and Schmidt 1999, Philippi 1993, Hereford and Moriuchi 2005, Tielborger and
Valleriani 2005).

Through their potential influence on functional trait expression, maternal effects can have
strong effects on performance in response to environmental conditions. Plants growing under
low water availability may produce poorly provisioned seeds in contrast to well-watered
individuals, however, there is some evidence of adaptive plasticity whereby maternal plants in
dry conditions may produce more offspring, or offspring that have more competitive or resource
acquisitive traits (Drenovsky et al. 2016, Zolfaghari et al. 2022, Vasques et al. 2013). For
instance, offspring from maternal plants that experienced drought had higher seed production
along with more resource acquisitive traits than offspring from well-watered plants in some grass
species (Nguyen et al. 2016). Higher seed production increases the likelihood that at least one
offspring will find a favorable microsite for germination (Mojzes et al. 2021). In contrast,
another study found that offspring from droughted Quercus brantii trees had traits associated
with high drought tolerance including high root to shoot ratio (greater seedling water uptake) and
reduced xylem diameter (prevents cavitation; Zolfaghari et al. 2022). If trait expression is driven
by resource availability in the maternal environment, seedlings from mothers from more benign
environments may have high performance only when water is available, whereas seedlings from
mothers in dry environments may be less dependent on water availability to maintain
performance (Vasques et al. 2013). However, high maternal resource availability can increase
offspring performance through factors such as higher seed mass increasing establishment
(Atwater et al. 2015) regardless of seedling environment. Despite much recent work in this area

exploring how seedling traits are linked to performance under dry conditions, it remains unclear
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if interactions between seedling traits and maternal environment result in differential
performance.

In this study, we investigate Elymus elymoides, a perennial bunchgrass species, to address
the following questions: 1) How do traits and trait trade-offs vary between populations and
maternal environments? 2) Does water availability experienced by the maternal plant influence
seedling survival under drought and first-year reproductive performance? and 3) Which traits
predict performance? Here we consider three performance metrics: seedling survival under
drought, probability of flowering in the first year, and seed set of those individuals that flower.
We expect seedlings will exhibit trade-offs among resource acquisitive and conservative traits
across both leaf (SLA, leaf N) and root traits (RTD, root N, SRL, root diameter). We expect
population and maternal environment treatment to influence seedling traits, with seedlings from
the low elevation population and dry maternal treatment possessing more resource acquisitive
traits to quickly reach an age of maturity before water becomes scarce. Further, we hypothesize
that resource acquisitive traits will increase reproduction while plants from populations and

maternal treatments with greater stress tolerance traits will survive longer under drought.

METHODS

Study species and seed collection:

We explored intraspecific variation of Elymus elymoides (Poaceae), a short-lived
perennial bunchgrass with a wide distribution in arid and semi-arid rangelands across the western
United States (Leger et al. 2019). Elymus elymoides exhibits high intraspecific trait variation
across populations (Parsons et al. 2011, Leger et al. 2019, Clary 1975), where traits correlate

with environmental conditions, such as precipitation. Individuals receiving less precipitation
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have lower biomass, lower seed mass, and smaller leaf size than individuals from wetter
populations (Blumenthal et al. 2021).

This study leverages a 5-year field manipulation spanning three grassland sites across an
elevational gradient with one population from each site. Experimental plots along an elevational
gradient of grassland communities were established in 2016 near Flagstaff, Arizona in the
southwestern United States (Munson et al. 2019, 2022). Sites included a mixed conifer meadow
(elevation 2591 m; MAP = 658 mm, MAT= 6.9), a ponderosa pine meadow (elevation 2179 m;
MAP =579 mm, MAT= 7.3), and a juniper savanna (elevation 1930; MAP = 486 mm, MAT=
9.9; Munson et al. 2019, Munson et al. 2022). This region experiences a bimodal precipitation
pattern with winter rains, a dry foresummer, followed by late summer monsoons and a dry fall
(Moore et al. 2022). At each of the three sites, four 2 x 3-meter plots were established each for
control, drought (- 53 + 3% summer precipitation), and water addition treatments (i.e., well-
watered, + 32 + 3% summer precipitation; Munson et al. 2022). The drought treatment was
achieved through rain-out shelters consisting of a metal frame supporting a roof with bands of
ultraviolet transmitting acrylic (Solacryl SUVT; 11 x 200 cm, bent into a V shape at 60°) placed
at 20° angles that covered a total of half of the plot and faced toward the prevailing wind
direction (southwest) to minimize precipitation blown into the plot. Water from the rain-out
shelters was collected in barrels and redistributed to the water addition plots after rainfall events
greater than 10mm, using PV C piping and sprinklers at the four corners of the water addition
plots. Plots were surrounded by metal flashing buried 30cm beneath the soil surface to
hydrologically isolate plots. Shelters and sprinklers were in place at all sites from the beginning
of May through the end of September (Munson et al. 2022) starting in 2016. In August 2020,

after five summers of experimental treatments, we collected a ripe inflorescence from all
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flowering plants within the plot; sample sizes ranged from 0 up to 5 extant plants per plot
(median of 2, mean 2.4). We collected seed from flowering individuals outside of plots at the
lowest elevation site to supplement the control treatment due to an insufficient number of plants

with undispersed seed in control plots. Seed was stored dry at approximately 20°C.

Seedling grow out and trait measurements:

In order to assess maternal environment effects on seedling traits and link them to
seedling performance, we grew seedlings from each population and each of the three maternal
treatments (drought, control, well-watered) in a controlled environment. Seeds were moved to a
refrigerator with no light and approximately 60% humidity at 4°C for two weeks prior to planting
in order to mimic temperatures of fall germination conditions (M. Moore, pers. comm.), though
past work suggests that Elymus elymoides is relatively unaffected by pre-germination
temperatures (Meyer et al. 2000). We randomly assigned seeds to one of three different growing
groups: trait measurement group, dry-down survival group (hereafter “dry-down group”), and
well-watered reproductive performance group (hereafter “reproductive performance group”). We
planted n=30 seeds per maternal environment treatment per site, i.e., population, for the trait
group and n=30-40 seeds per maternal environment treatment per population for the dry-down
and reproductive performance groups; n = 930 seeds were planted in total, although not all seeds
germinated. We recorded the mass of each seed prior to planting seeds in a fully randomized
design in a greenhouse at the Orchard Park facilities at UC Davis in May 2021. Seeds were
planted into individual cone-tainers (Stewe and Sons; 164 mL capacity, 1.5 x 8.25 in). All seeds
were sowed in a soil mix of local commercial topsoil (60%: equal parts soil, sawdust), sand
(20%), and greenhouse agricultural mix (20%: equal parts redwood sawdust, peat moss, pumice

rock, stone) to mimic field soil while also facilitating root cleaning of seedlings (Leger et al.
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2020). Mean daily high and low temperatures were 27.6 and 15.5 °C (May 9 — May 29) for the
trait measurement plants. Temperatures increased to 34.9 and 18.4 °C, with approximately 14.3
hours of light per day and midday light levels around 800 PAR (May 9 — August 20) for the
performance plants. All trays were moved every 2 days to account for variation in conditions in
the greenhouse through mid-July, after which trays were rotated weekly. We scored seedling
emergence daily for 30 days after sowing. For all seedlings, we recorded the day of emergence,
as well as height at day 5. We hand watered all seedlings with 30mL of water each day, enough
to dampen but not fully saturate the soil, from the time of sowing until 10 days after emergence
for all seedlings.

While individual trait data of seed mass, days to emergence, and height were taken for
every individual including reproductive performance, dry-down, and trait groups; destructive
trait measurements were measured only on trait group plants. These plants were harvested at 10
days, and separated into root, shoot, and leaf tissue, with cotyledons and true leaves also
separated upon collection. Some samples were refrigerated (4°C) for up to 7 days when
immediate processing was not possible, as tissue preserves well for this period (J. Funk, pers.
comm.). Roots were carefully removed from containers and cleaned until no soil remained, using
methods from Leger et al. 2019. Roots were scanned using an Epson perfection scanner at 800
dpi and analyzed using WinRHIZO software (WinRHIZO 2021 32-bit). We massed the total
fresh leaf mass and cotyledon separately and measured fresh leaf area on the cotyledon using a
LiCOR 3100C leaf scanner. After drying in an oven at 60°C until fully dry (minimum of 3 days),
root, shoot, and dry leaf biomass were measured for each individual. Total seedling biomass was

calculated as the sum of the above and belowground biomass.
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Seedling performance:

Seedlings in the reproductive performance group were randomly interspersed with dry-
down seedlings and experienced identical conditions except that they continued to receive 30 mL
water daily throughout the experiment. Seedlings in the dry-down group were watered to soil
saturation 10 days after emergence (date varied), and then did not receive water for the rest of the
experiment (Larson et al. 2020). Seedlings in the reproductive performance and dry-down groups
were monitored 2-3 times a week and visually scored for signs of wilting. Categories included:
healthy (fully green, upright), slightly wilted (up to 25% non-green aboveground or leaves fold,
roll, or angle down), moderately wilted (leaves partially lacking color and elasticity), strongly
wilted (leaves with less than 25% color or maintaining some elasticity) or dead (leaves fully
dead, no green and no elasticity; modified from Engelbrecht et al. 2003). Reproductive
performance seedlings were monitored until July 7 (60 days after planting). During this period
these plants remained healthy: one plant from the reproductive performance group died at day 31
from unknown causes. Dry-down seedlings were monitored until August 20 (103 days after
planting), when all seedlings in the dry-down group had died (n=243). After seedlings were
categorized as dead, they were watered to saturation for the following three days to test for
mortality (Larson et al. 2020). Any seedlings that revived, showed new green leaf growth, were
reclassified as strongly wilted instead of dead and were subsequently removed from survival
analyses.

All reproductive performance plants (167) were transplanted into larger pots with
additional soil 79-81 days after planting (July 27 — 29) in order to allow plants to mature towards
reproduction. Sample sizes varied greatly due to differences in germination proportions and were

the smallest for the lowest elevation (9 — drought; 13 — control; 6 — well watered maternal
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treatments), with 20-27 individuals per maternal treatment for the mid and high elevation
populations. These plants received 66 mL of greenhouse fertilizer mix from irrigation (150 ppm
N, 50 ppm P, 200 ppm K, 175 ppm Ca, 55 ppm Mg, 120 ppm S, 2.5 ppm Fe, 0.5 ppm B, 0.5 ppm
Mn, 0.02 ppm Cu, 0.01 ppm Mo, 0.05 ppm Zn) for 9 days and 33 mL per day for another 14
days (August 2 — 24). From August 25" through March, reproductive performance plants
received 33mL of water per day. Plants began flowering mid-September (~4 months after
planting) and were monitored weekly until the end of December (~8 months after planting) when
the final inflorescences had matured. Each ripe inflorescence was measured for length and stored
in an individual envelope. We sampled a subset of inflorescences for seed production through
counting the number of viable seeds as well as total viable seed mass. In March 2021 (~11
months after planting), we collected and measured dry aboveground biomass for all reproductive
performance plants and belowground biomass for a subset of those individuals (n=64).
Statistical analyses:

Trait correlations and difference between populations and treatments:

We assessed the data from the trait measurement group to determine if there were
coordinated trait strategies and whether traits varied by population and maternal treatment. We
first analyzed trait correlations for all traits measured using Pearson’s correlation with
adjustment for pairwise correlation coefficients (ggcorrplot package: Kassambara 2023). Trait
data was screened for collinearity, and traits were narrowed to remove highly correlated traits (r
> (.5). Seedling traits that were measured and assessed for correlations but not included in
further analysis included root N, root tissue density (RTD), root tip number, root mass, height at

day 5, total biomass, leaf N, and average leaf area (Table S3.1).
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Following this, we used a Principal component analysis (PCA) to determine which traits
and trait trade-offs best differentiated individuals from different populations and maternal
environments. Traits included in the analysis were seed mass, days to emergence, root mass
fraction (RMF), specific leaf area (SLA), specific root length (SRL), root length, root diameter,
and root tips per root length (Table 3.1). Missing values for dry leaf mass were imputed for five
individuals from the predicted value of a linear model relating dry leaf mass to wet leaf mass for
the lowest elevation population (Supplement S3.0). We used ANOVAs to compare PC values
between populations, maternal environments, and their interaction for the top 4 PC axes. When
significant differences between trait groups existed, we conducted pairwise comparisons using
Tukey multiple comparison of means. We further compared traits between populations and
maternal environment treatments using a PERMANOVA test (vegan package: Oksanen et al.

2022).

Population and maternal treatment differences in performance:

We assessed if performance varied by population and maternal treatment, using survival
under a dry-down (dry-down group), and measures of reproductive performance including
probability of flowering and expected seed production as performance metrics for the
reproductive performance group. Expected seed production was estimated from a subset of seeds
(counted from 33 individuals) using a linear model with population, maternal treatment, the
interaction of population and maternal treatment, and inflorescence length as predictors. Using
these predictors, we fitted a model estimating seed set and used this model to predict the
estimated seed set for all flowering individuals (12 = 0.61, Supplement S3.0).

To evaluate differences between populations and maternal environment treatments in

seedling performance, we measured seedling survival under drought (days alive without water),
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probability of flowering, and seed set if an individual flowered. Each of these response variables
was modeled against population and maternal treatment as well as the interaction between these
factors. We used a linear (gaussian) model to determine survival time, i.e., days since last
watered, during a dry-down; a binomial logistic model for probability of flowering with a logit
link (glmmTMB package: Brooks et al. 2017) where each seedling either flowered (1) or didn’t
(0); and a negative binomial model for seed set (MASS package: Venables and Ripley 2002). All
models were checked to assure they met the assumptions for the residuals (DHARMa package:
Hartig 2022). We conducted post-hoc tests using pairwise comparisons among means with a
Tukey adjustment for multiple comparisons (emmeans package: Lenth 2024). We used the
MuMin package to extract coefficients of determination (R2) for seed production (Barton 2024),
and McFadden's pseudo R2, which uses the log-likelihood kernels for the intercept-only model
and the full estimated model for the probability of flowering (Signorell 2024). Additionally, we
performed a chi-square test to determine significant differences in the probability of flowering
between sites, and fisher’s test to determine significant differences in the probability of flowering
across all maternal treatments and sites as well as between maternal treatments within each site.
Pairwise fisher comparisons were also used to contrast pairs of site and maternal treatment

differences.

Trait differences in performance:

To evaluate the difference in seedling performance based on trait values, we used similar
models to those previously described, replacing population and maternal treatment with either
individual traits (seed mass, days to emergence, and height at day 5) measured on all plants or
with means for each population and maternal treatment (PC scores). For individual trait models,

we included a random effect of the population and maternal environment (n=9 possible

65



population by maternal environment treatment combinations). To evaluate survival time during
the dry-down (days from last watering to death), we used a linear mixed model (Ime4 package:
Bates et al. 2015); a binomial logistic mixed model was used for probability of flowering
(Brooks et al. 2017). For seed production, due to high variance between populations and a
limited and unbalanced sample size (n=58 total; Table S3.2), we used a negative binomial model
on the mid and low elevation populations separately (Venables and Ripley 2002). To evaluate
how population and maternal environment treatment PC scores affected performance, we used
the same models as those used for population and maternal treatment on the top 3 PC axes. In
order to meet model assumptions for seed set with a reduced sample size, 2 PC axes were
modeled at a time. We used likelihood ratio tests on nested models by removing each trait while
keeping the rest to test whether each trait significantly explained variation in performance. As for
population and maternal treatment analysis, we checked residuals using the DHARMa package
(Hartig 2022) for all models, and coefficients of determination were extracted using the MuMIn
package (Barton 2024) and McFadden's pseudo R2 (Signorell 2024). All analyses were done in

R version 4.4.1 "Race for Your Life".

RESULTS

We observed both expected and unexpected relationships between traits related to
resource acquisition and stress tolerance. Belowground, we found that root N, a resource
acquisitive trait, was inversely related to RTD, a stress tolerance trait (r = 0.33, Figure S3.1) and
SRL (a resource acquisitive trait) was inversely related to root diameter (r = -0.55) along the
microbial collaboration gradient. Further, RTD and SRL were negatively correlated (r = -0.84),

suggesting a trade-off. We found positive associations between seed provisioning, aboveground,
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and belowground traits: seed mass and height (r = 0.49), seed mass and root length (r = 0.54),
height and root length (r = 0.76; Figure S3.1). However, we did not see evidence of shared stress
tolerance strategies between above and belowground traits. SLA was not correlated with RTD; in
fact, SLA was not significantly correlated with any root trait. Due to the strong correlations, we
did not include root tissue density (RTD), root N, root mass, root tip number, height at day 5,
total biomass, leaf N, or average leaf area in the principal component analysis.

Our principal component analysis demonstrated that individuals varied along multiple
axes of root traits; such as root tissue durability (root diameter and SRL), root system size (root
length), relative allocation to roots (RMF), as well as root foraging effort (root tips per length;
Figure 3.1, Table S3.3). The top four axes all related to root function and explained the vast
majority of variance observed, once strongly collinear traits were removed (combined 75.8%;
Figure 3.1). The primary PC axis related high root tissue durability with higher seed mass and
accounted for 29% of the total variation. The second axis related to plant size, where high PC2
values meant short root length, smaller seed mass, and less root mass fraction. PC3 separated
quickly emerging plants with higher root allocation from slower emerging plants with higher
aboveground allocation. Finally, an active foraging strategy is represented by high PC4 values
with high root tips per unit root length (Figure 3.1, Table S3.3). SLA loaded highly on axis 5,
and days to seedling emergence on axis 6 (Table S3.3).

The low elevation population generally differed more in functional traits than the mid
and high elevation populations. The low elevation population developed less durable root
systems with smaller root diameter and higher SRL compared to the other two populations (PCI;
Figure 3.1, Table S3.4). Differences in PC2 depended on maternal environment treatment (PC2;

Figure 3.2, Table S3.4). The low elevation tended to have reduced allocation to root tissues than
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the high elevation population (RMF; higher PC3, post-hoc contrast p=0.06; Figure 3.1, Figure
3.2, Table S3.4). As we observed no differences in root foraging effort (PC4) between any
populations, and this axis explained a small portion of total variation (Table S3.4), we used PC1
through 3 for subsequent analyses. While trends appear similar among single traits (e.g., SLA)
and PC axes (Figure S3.4), only PC axes were statistically contrasted among populations and
maternal environment treatments.

Root traits varied in response to maternal watering treatments, showing different effects
of high and low water availability at the high elevation population. At the highest elevation
population, individuals from the maternal water addition treatment had more acquisitive roots
than the maternal drought treatment (low PC1 values; p=0.04, Figure 3.2, Table S3.4), but were
not different from the control treatment. In contrast, the maternal environment treatment did not
influence root resource acquisition traits in pairwise comparisons within low or mid-elevation
populations (Figure 3.2, Table S3.4). The maternal environment treatment interacted with the
population to impact root system size (root length, RMF; PC2). The maternal drought and
control plants from the low elevation population had shorter root length, and higher RMF than
the well-watered plants at the high elevation population and control at the mid-elevation
population (PC2, Figure 3.2, Table S3.4). In both instances, less maternal water available shifted
seedling root traits to be more conservative through increasing seedling root durability or
reduction in root system size. There was no effect of maternal environment treatment on PC3
values at any elevation (Table S3.4). Results were similar when comparing site and maternal
treatment seedling traits using PERMANOVA (Table S3.5).

We found small differences in seedling survival between populations but no differences

between maternal environment treatments (Figure 3.3a, Table 3.2). The individuals from the high
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elevation population survived longer under a dry-down than those from the mid-elevation
population (post-hoc comparison p < 0.001; Figure 3.3a). The plants from the low elevation
population, despite having significantly smaller initial mean seed mass (Figure S3.4), did not
significantly differ from the mid or high populations in survival (Figure 3.3a, Table 3.2).
Populations and maternal environments with lower PC3 scores (higher RMF) had slightly longer
survival without water (Figure 3.4a, Table 3.3). Seedling performance was poorly predicted by
individual trait values, however, a taller height at day 5 slightly increased survival (Figure S3.2,
Table S3.6).

The probability of flowering differed across populations and maternal environment
treatments, while differences in seed set varied only across populations. The highest flowering
probabilities were observed for the low elevation population, followed by the mid-elevation
population, with the highest elevation population having the lowest probability of flowering
(Figure 3.3b, Table 3.2, Table S3.7). Maternal treatments were marginally different within both
the low (p=0.06) and high (p=0.08) elevation sites, however, not at the mid-elevation site (Table
S3.7). Maternal drought tended to increase flowering probability at low elevation, while it tended
to decrease the probability of first year flowering for the high elevation population (Figure 3.3b,
Table S3.7). Pairwise significant differences in flowering show that the low elevation control and
drought maternal treatments were more likely to flower than all maternal environment treatments
from the high elevation population, and from the drought maternal environment treatment at
mid-elevation (Table S3.7). The mid-elevation population water and control treatment plants
were more likely to flower than the high-elevation drought treatment plants (Table S3.7, Figure
3.3b). Further, the low elevation population had higher seed production than the other two

populations (Figure 3.3c, Table 3.2), though no significant effects of maternal environment
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treatment were observed (Figure 3.3¢, Table 3.2). Low PC1 (thin, less durable root growth)
scores were positively related to the probability of flowering and seed set (Table 3.3, Figure
3.4b, Figure 3.4c). Individual traits failed to explain any differences in flowering probability,
while height at day 5 explained minimal variation in seed production at the mid-elevation site

(Table S3.6).

DISCUSSION

In this study we determined if differences in seedling traits correspond to plant
performance across different source populations and maternal environments. We found that root
traits varied between populations where the low elevation population had highly acquisitive roots
(low RTD, high SRL). This translated into higher first year reproduction for plants at low
elevations, but not higher survival, which was similar across populations. We found that water
availability differentially influenced reproduction across populations — increasing reproduction at
the drier population (lower elevation) and decreasing reproduction at the wetter population (high
elevation). These results suggest that where water is limited, plants shift to have higher
belowground resource acquisition, consistent with a greater sensitivity to precipitation in drier
areas. Maternal effects may contribute to understanding differences in how populations respond

to drought, particularly in terms of first year reproduction.

Trait variation across populations and maternal environments

Trait trade-offs observed at the global scale (Weigelt et al. 2021) did not occur across
populations of Elymus elymoides. While SLA is a pivotal trait for identifying growth strategies
across species, we found that SLA explained little variation between individuals in our study.

This echoes findings of limited variation of SLA values between populations and species in other
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grasslands (Roybal and Butterfield 2019). Further, while we found leaf N positively correlated
with SLA (Carmona et al. 2021), we found no evidence that aboveground resource use traits
(SLA, leaf N) were correlated with any belowground traits in contrast to predictions from global
frameworks. Our belowground findings further differed in that we found no support for a
difference between resource acquisition and collaboration (Bergmann et al. 2020), but a single
axis combining SRL, diameter, root N, and RTD. This supports work by Funk et al. (2021)
which posits that dryland herbaceous perennial root traits are variable along a single axis of root
durability and mycorrhizal collaboration. Collectively, our data suggests that global trait
frameworks do not apply generally at the species level, even across populations with different
precipitation environments as observed by some (Avila Lovera et al. 2021, but see Mason and
Donovan 2015).

Species may possess a combination of resource acquisitive or stress tolerance traits to
maximize fitness in response to water limitation. Our findings of acquisitive traits in the low
elevation population may indicate a threshold rainfall amount below which species rely on a
resource acquisition strategy, whereas above this threshold, populations may deploy stress
tolerance traits to increase performance. While plants with stress tolerance traits may have high
fitness in dryland environments (Bradford and Hsiao 1982, Muller-Landau 2010), resource
acquisitive traits may enable species to escape or avoid drought entirely (Perez-Ramos et al.
2013). For instance, in a study of a dryland perennial grass species, stress tolerance traits such as
small plant size and high RMF increased fitness, as did resource-acquisitive traits of fast
emergence, high root tip number, high SRL, and long root length (Leger et al. 2021). Our focus
on seedlings may have highlighted differences in resource acquisition. While adult perennials

have more stress tolerant strategies than annuals (e.g., high root diameter, Funk et al. 2021), this
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may not be true for early growth stages when perennial seedlings are establishing. Seedlings
must acquire enough resources to endure competition and resource limitation; thus, a resource
acquisitive strategy may increase early survival in populations that are strongly water limited.
We found that the maternal environment treatment influenced seedling traits related to
root durability where, at high elevation, plants exposed to drought produced seedlings with
greater stress tolerance traits than well-watered plants. This result concurs with Riginos et al.
(2007) who found maternal effects in mesic, but not dry, populations; however, our finding that
seedlings from drought-stressed parents had more durable root traits contrasts from Herman et al.
(2012), who found that seedlings from drought-stressed parents had more acquisitive traits (early
germination, longer roots). It appears that maternal influence is site-dependent, which aligns with
the theory that maternal effects will only occur if cues reliably provide information about future
conditions (Gallaway and Etterson 2007). For instance, when experiencing high precipitation all
Biscutella didyma plants increased seed dormancy in their offspring, yet the effect was stronger
in drier populations where the cue is reliable. In dry populations, maternal precipitation
correlates strongly with next-year seedling density, and high densities can reduce fitness (Lampei
et al. 2017, but see Riginos et al. 2007). In our system, precipitation cues may lack reliability at
lower elevations; whereas at high elevation, wet years signal high competition in the following
year, thus providing a reliable cue that higher resource acquisitive traits may be beneficial.
Alternatively, if the low elevation is already optimizing for high resource acquisition, they may
not be able to respond further, regardless of the reliability of cues from the maternal
environment. Finally, our seedlings from mid and low elevation populations may not have
exhibited trait differences between maternal treatments because they were grown in an ambient

environment. Stressors; such as drought, herbivory, competition (Ehlers et al. 2018), as well as
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strong inter-annual variation in precipitation; amplify the expression of maternal effects, which

may be less detectable in ambient conditions (Herman et al. 2012).

Performance and trait-performance relationships varied among populations

Water available to the maternal plant impacted whether offspring flowered in their first
year of life; however, the effects varied depending on the population and traits. As expected, we
found the highest probability of flowering occurred in the low elevation population with the
driest environment (Mojzes et al. 2021, Nguyen et al. 2016). The low elevation population also
had the most resource acquisitive traits, which may align with a fast life history strategy (early
maturity, high seed production; Harvey and Zammuto 1985, Franco and Silvertown 1996,
Karlsson and Méndez 2005). Here, maternal drought increased the probability of flowering,
which may be a beneficial transgenerational plastic response preparing offspring for fast,
resource acquisitive growth and high reproduction. In a dryland environment where precipitation
is highly variable, a highly resource acquisitive strategy may benefit perennial species
(Raunkiaer 1934, Blanco-Sanchez et al. 2022). This is similar to drought escape strategies
observed frequently in annual species in drylands (Schaffer 1975, Kooyers 2015) as well as
crops (Berger et al. 2016). In contrast, the generally low probability of flowering observed for
the high elevation population may be attributed to trade-offs in resource allocation focused on
growth, i.e., durable tissues in lieu of reproduction in order to maximize lifetime fitness (Pugliese
1988). For the high elevation population, more maternal water increased flowering. This
coincides with work showing well-watered maternal plants produce well provisioned seeds
(Ehlers et al. 2018), although we know here that seed mass did not explain this pattern. Further,
it is unexpected for effects from seed provisioning to extend to this stage of development

(Ellison and Thompson 1987, Bischoff et al. 2008), particularly in a greenhouse environment,

73



although there is some evidence that well provisioned seeds produce more offspring (Larios et al.
2014). The consistency of water experienced by maternal plants may allow offspring to deploy a
less conservative strategy if they do not need to buffer against unpredictable conditions. Across
all populations and treatments, the probability of flowering increased with more acquisitive mean
root traits (high SRL, low diameter). This finding agrees with trait frameworks where greater
acquisitive traits correlate with greater reproductive output, further supporting the idea that
maternal environment effects can shift offspring between slightly faster or slower life history
strategies based on the population specific environmental cues.

Seed set was higher for the low elevation population, and generally for combined
maternal environment treatment and population groups with more resource acquisitive root traits.
The effects of maternal environment on seed set were more nuanced. Despite the large
differences in the probability of flowering based on maternal environment, if plants did flower,
seed production, i.e., seed number and total seed mass, did not vary based on maternal
environment treatment. This suggests a decoupling of mechanisms for the initiation of flowering
and the process of seed development. This differs from Matesanz’s (2022) finding that offspring
from droughted maternal plants produced less reproductive mass by reducing seed size.
However, our finding agreed with trait frameworks where more acquisitive traits may correlate
with greater reproductive output. While maternal environment treatment did not determine seed
set, the number of inflorescences produced varied greatly, where more inflorescences produced
correlated with lower RMF for the individual. This might suggest a cost of reproduction such
that plants with high reproduction have fewer resources available (i.e., carbon stored

belowground) for the following year.
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Despite existing studies that show maternal environments may influence the survival
probabilities of the offspring (Ehler et al. 2018, Galloway and Etterson 2007, Riginos et al. 2007,
Hereford and Moriuchi 2005, Zolfaghari et al. 2022, but see Metz et al. 2015), we did not find
any impact of maternal environment, and minimal effect of population, on offspring survival
time without water (dry-down). Overall strong resilience to periods of time without water of all
three populations may be driven by adaptation to the bimodal precipitation in the CO plateau,
where seedlings endure an extended dry foresummer for successful establishment. We observed
that different trait combinations, such as larger aboveground size and stress-tolerant root traits
(high elevation population) or smaller, resource-acquisitive root traits (low elevation population),
are similarly resilient to drought. Alternative designs, where plants can achieve similar
performance using different combinations of trait values, may explain why we found weak
correlations between drought tolerance traits and some fitness metrics, similar to other studies
(e.g., Dias et al. 2020, Worthy et al. 2020). Further, our expectation was that seeds with higher
seed mass, which more often survive seedling establishment (Hulme 1998, Muller-Landau 2010,
Leger et al. 2020, Harrison and LaForgia 2019), would persist longer than seeds with smaller
seed mass; however, we found no effect of seed mass on survival. This highlights the potential
complexity in predicting species and community responses to drought, as different trait
combinations may similarly withstand drought challenges, leading to weak correlations between
drought tolerance traits and fitness metrics.

Conclusions

Identifying which traits enable seedlings to endure stressful environments can improve

efforts to understand how individuals and populations will respond to drought. Seedling survival

is a limiting factor in dryland restoration and seedling mortality will remain high even with the
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most advantageous suite of traits (Pilliod et al. 2017, Atwater et al. 2015), however, we found
minimal differences among populations and treatments in seedling survival. Seedling traits may
also provide a way to predict which populations will be high seed producers. In our study,
individuals from populations with resource acquisitive root traits were more likely to flower and
have high seed production. Further, maternal environments will influence if plants reproduce in
their first year in some populations. Further studies across a broader range of environmental
conditions are needed to understand when low maternal water availability shifts from increasing
to decreasing the probability of flowering. Additionally, further studies are needed to determine
if this effect is truly adaptive. Broadly, our finding that seedlings from all populations were able
to survive without water for similar lengths of time is promising and reinforces the idea that

different trait combinations can achieve high performance.
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FIGURES AND TABLES

Figure 3.1: PCA of seedling traits

PC2 (20.7%)

-2.5 0.0 2:5 5.0
PC1 (28.7%)

PC4 (11.8%)

o,
RV e &, am
RN

-1 9 QQ)

@

N

I
2

2 0 2

PC3 (14.8%)

low elevation e  Drought
mid elevation 4 Control
high elevation = Water

Legend: Principal components analysis where points represent individual seedlings sampled at 10 days, and arrows
represent vectors indicating strength and direction of trait loadings. For each population an ellipse indicates the
confidence interval for the range of potential values. The most arid, low elevation site (BC — juniper savannah) is in
teal; the mid-elevation population is in pink (AR — ponderosa pine meadow); and the wettest, high elevation
population is in purple (CC — mixed conifer meadow). Maternal environment treatment is indicated by different
shapes where circles are drought, triangles are control, and squares are well-watered maternal treatments.
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Figure 3.2: Differences across population and maternal environment treatment PC scores
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Legend: PC loadings, i.e., trait values for each population (elevation) and maternal treatment group (drought =
orange, control = green, well-watered = blue) from ANOV As of trait values (Table S3). Upper panel shows seedling
values for PC1; letters shared by groups indicate that those group means are not significantly different from each
other in a pairwise Tukey comparisons across all treatments and populations. The middle and lower panels show
PC2 and PC3 respectively.
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Figure 3.3: Performance by population and maternal environment treatment
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Legend: Performance metrics for each population (elevation) and maternal treatment group (drought = orange circle;
control = green triangle; well-watered = blue square) from performance models. Points are estimated marginal
means from models in Table 3.2. Bars show standard error of the estimated marginal means extracted from the
model. Panel a shows seedling survival days under drought from the dry-down performance group. Panels b and ¢
show reproductive performance group plants. Panel b is back transformed from the logit scale to show the percent of
individuals that flowered. There are no SE bars for the low elevation drought group (9 out of 9 flowered) nor high
elevation drought group (0 out of 25 flowered). Panel ¢ shows expected seed production for flowering plants; the
high elevation drought group had no flowering individuals.
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Figure 3.4: Performance by maternal environment treatment and population level traits
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Legend: Performance metrics associated with PC values of combined maternal treatment and population level mean
seedling trait values. For panel a (dry-down performance) and ¢ (seed production), points represent performance of
individual plants, while panel b shows the estimated marginal means with SE bars for the proportion of plants that
flowered (same y axis as Figure 3.3b). The lines indicate the predicted performance response to PC3 (panel a) and
PC1 (panels b and ¢) from models in Table 3.3. The high elevation population is shown in purple, mid-elevation in
pink, and low elevation in teal. Maternal treatments are drought (circles), control (triangles), and well-watered
(squares). The dominant traits from each PC axis are noted in gray boxes along the x axis.
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Table 3.1

Trait Units Relevance of trait

Seed mass grams High seed mass is associated with good seed provisioning and early seedling
competitive ability. Seed mass trades off with seed number when resources are
limited.

Days to days Fewer days to emergence is associated with a strategy of fast growth; quicker

emergence (DTE) emergence can give individuals a competitive advantage when conditions are good.

Specific leaf cm /mg High SLA leaves may be produced in a fast response to a resource pulse and high

area (SLA) carbon assimilation, however, are less durable than leaves with a low SLA.

Root mass g/g High RMF indicates high root allocation and is associated with resource

fraction (RMF) conservation. Additional aboveground biomass increases the potential for carbon
assimilation and water loss, while higher belowground biomass may store resources
and provide access to nutrients or water.

Root length m High root length may increase the ability of a plant to seek out water and nutrient

(R. Length) sources.

Specific root m/g High SRL roots are associated with a “do it yourself” mycorrhizal collaboration

length (SRL) gradient. Further, high SRL is associated with resource acquisition, including a fast
growth rate and less durable roots.

Root diameter mm Similar to SRL, high diameter may indicate a collaborative relationship with

(R. Diameter) mycorrhizae and may also be associated with root durability.

Root tips per count / Root tips increase water uptake, local use of resources, and soil adhesion.

length (R. cm

tips.length)

Legend: Traits included in the principal component analysis and correlation analysis collected from 10 day old
seedlings (except seed mass) from the trait group. Abbreviations are given in parentheses.

81




Table 3.2

Model family Variable F value or deviance, R
p-value squared

Survival Linear model (Im) Population 10.12, p<0.001 0.10
Response: Days alive Maternal environment | 0.75, p=0.47
without water Interaction 1.72, p=0.15
Probability of flowering | Logistic, binomial Population 52.42, p<0.001 0.32
Response: Flowered (1) | (glm) Maternal environment | 4.84, p=0.11
or did not flower (0) Interaction 12.78, p=0.01
Seed production Generalized linear Population 96.1, p<0.001 0.65
Response: Expected negative binomial model, | Maternal environment | 4.0, p=0.13
number of seeds (nearest | (glm.nb) Interaction 3.15, p=0.37

integer)

Legend: Performance metric models by population and maternal environment treatments. Mcfadden’s pseudo R-
squared is used for the model of the probability of flowering. Significant predictor variables (p-value < 0.05) are

bolded.
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Table 3.3

Model family Variable Estimate t or z value and p- R2
value

Survival Linear model (Im) Intercept 58.60 0.05
Response: Days alive PC1 -0.84 -0.99, p=0.32
during drought PC2 -2.30 0.77, p=0.44

PC3 -10.60 -2.43, p=0.02
Probability of flowering Binomial logistic Intercept -0.76 0.17
Response: Flowered (1) or | (glm) with logit link PC1 -0.92 -4.07, p<0.001
did not flower (0) PC2 -0.87 -0.91, p=0.36

PC3 2.14 1.61,p=0.11
Seed production Negative binomial Intercept 3.88 0.58
Response: Expected generalized linear PC1 -0.51 -7.13, p<0.001
number of seeds produced | model (glm.nb) PC2 -0.16 0.94, p=0.35
by a plant, rounded to the
nearest integer

Legend: Performance metric models by traits (population and maternal treatment means). For these models the
predictive values were the means of the PC values for each combined population and maternal environment
treatment, i.e., low elevation-drought, mid-elevation-control, etc. Significant predictor variables (p-value <0.05) are
bolded. Mcfadden’s pseudo-R-squared is used for the model of the probability of flowering.
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Supplement

CHAPTER 1

Figure S1.1: Temperature and precipitation across the dataset
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Legend: Each point represents the annual log precipitation and temperature for a year and site. Points of the same

color indicate different years of data from the same site.
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Figure S1.2: Chart-quadrat map
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Legend: This is a sample chart-quadrat map. Chart-quadrat mapping is used to locate every forb and graminoid
within the 1 square meter plot each year, allowing individuals to be tracked over time and collects small-scale spatial
data for species observed. Graminoid basal area is drawn as polygons while forbs and bushes are indicated by
points. Each species has a species code that is specific to that data sheet (not included in image), e.g., F here is for
Festuca arizonica. Maps are traced in the field, then hand drawn to reduce the total size, and digitized using ArcGIS.
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Figure S1.3: Distributions of neighborhood abundance and richness for the graminoid species
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Legend: Violin plots showing the distribution of the residual richness or abundance of the neighborhoods for each
graminoid species, i.e., vertical component indicates range of values and width indicates the relative abundance of
data points with that value. Residual richness is the variation observed that is not accounted for by the species area
model (Table S1.1). Species are ordered alphabetically. Different letters denote a significant difference in a post-hoc
pairwise comparisons between species abundance or richness distributions.
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Figure S1.4: Neighborhood sizes by graminoid species
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Legend: This figure shows the estimated marginal mean and SE of the neighborhood size associated with each
graminoid species. Values are from the binomial model of neighbor presence absence (Table S1.2, Figure 1.1).
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Figure S1.5: Principal component axes 3 and 4 of graminoid traits
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Legend: Third and fourth Principal Component (PC) axes for the dominant graminoid species included in the study
(Table 1.1). Arrows indicate direction (positive or negative) and strength (length of arrow) of trait loadings for each
axis (Table S1.5). Traits included in the analysis are: Specific root length (SRL), Root nitrogen content (Root N),
Specific leaf area (SLA), Leaf phosphorus content (Leaf P), Leaf nitrogen concentration (Leaf N), Height, and
Flowering date (FlrDate). Species abbreviations (Table 1.1) are positioned to indicate trait loadings along the PC
axes for each species. Species abbreviations are colored according to photoperiod, as either C3 (gray) or C4 (black).
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Figure S1.6: Graminoid trait correlation matrix
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Legend: Pairwise correlations for adult graminoid traits included in the principal component analysis with trait data
from Laughlin et al. 2010. White squares are not significant correlations; number indicates the strength of the
correlation, while color indicates if it is a positive (red) or negative (blue) relationship. Trait abbreviations: specific
root length (SRL), leaf Phosphorus and Nitrogen (leaf P, leaf N), root Nitrogen (root N), specific leaf area (SLA),

peak flowering (FlrDate).
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Table S1.1

Estimate Std. Error t-value p-value
Intercept 0.491 0.051 9.541 <0.001
Log (neighborhood area) 0.086 0.016 5.500 <0.001

Legend: Power model of a species - area relationship calculated from all graminoids, where the response is the
log(species richness) for each individual graminoid polygon, and the predictive variable was the log(basal area of
the individual graminoid polygon).
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Table S1.2

Estimate | Standard | Log-likelihood Chi-square p-value
error (full model = (comparison
-9797.1) with full
model)

Graminoid species - - -9987.1 379.95 <0.001
log(temperature) -1.602 0.609 -9801.2 8.30 0.004
log(precipitation) 0.044 0.045 -9797.6 0.96 0.327
log(graminoid size) 0.168 0.015 -9864.4 134.51 <0.001
Random effect: Variance | SD
Site 0.178 0.422

Legend: Model parameters values where the response variable was the presence or absence of any neighboring
forbs, the fixed effects are species identity, log(temperature), log(precipitation), log(individual graminoid basal
area), and a random effect for Site. Temperature and precipitation data is the annual precipitation for the site and
year associated with the individual graminoid. Quadrat was not included as a random effect because the model was
not able to converge when this factor was included. Precipitation had no significant impact on the likelihood that an
individual graminoid would have any neighboring forbs, while temperature and larger area increased the likelihood.
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Table S1.3

Graminoid species by | Kruskal-Wallis chi-squared | Degrees of freedom | p-value

Residual richness 896.46 12 <0.001

Residual abundance | 713.53 12 <0.001

Legend: Kruskal-Wallis rank sum test to determine if there are differences in richness and abundance of all forb
seedlings in the neighborhoods of graminoids that are different species. Analysis is run with 13 species. A p-value
less than 0.05 indicates a significant difference between at least one species pair. Residual richness or abundance is
the variation observed that is not accounted for by the species area model (Table S1.1).
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Table S1.4

Estimate | Std. log-likelihood | Chi-square p-value
Error | (full model = (comparison
-14388) with full
model)

Intercept 5.067 1.554 [NA NA
Type of forbs: spring or 0.562 0.046 | NA NA
summer
Log (graminoid flowering -0.438 0.134 [NA NA
date)
log(temperature) -2.09 0.518 [-14399 20.63 <0.001
log(precipitation) 0.089 0.040 |-14391 5.23 0.022
log(graminoid size) 0.187 0.012 [-14516 256.48 <0.001
Interaction between type 2.034 0.173 | -14458 139.27 <0.001
and graminoid flowering
date
Random effect: Variance | SD
Site 0.089 0.296

Legend: Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) to determine if spring
and summer forbs have different probabilities of occurring next to graminoid species. Model response variable is the
presence of neighbors (0/1), with fixed parameters for the type of seedling (spring or summer), log(graminoid
flowering data), log(temperature) and log(precipitation), the graminoid basal area, and the interaction between
graminoid flowering date and seedling type. A random effect of Site is included. Significant p values (p<0.05)
indicate that the model including this parameter was significantly better than the model without this parameter in a
nested log-likelihood comparison.
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Table S1.5

Trait PCl1 PC2 |PC3 |PC4 |PC5 |PC6 |PC7

Height |-0.351 |-0.270 | -0.283 | -0.735 | -0.382 | -0.140 | 0.131

Leaf N. | -0.393 | 0.516 |0.010 |0.218 |-0.313 | 0.251 | 0.608

Leaf P. |-0.239 | 0.006 |-0.807 |0.420 | 0.070 |-0.304 | -0.136

Root N. | -0.485 | 0.178 | 0.374 |0.144 |-0.37 |-0.214 | -0.624

SLA -0.242 |1 0.572 | -0.064 | -0.428 | 0.633 |-0.002 | -0.160

SRL -0.416 | -0.366 | 0.350 | 0.150 | 0.405 |-0.482 | 0.389

FlrDate | -0.444 | -0.409 | -0.052 | 0.098 | 0.221 | 0.740 |-0.165

Legend: Principal component analysis trait loading values. Values indicate the strength (greater absolute value) and
direction (positive or negative) that a single trait aligns with a PC axis. The first three principal component axes
comprise 76.3% of the variation observed within graminoid species in this study. The first axis differentiates tall
species with high SRL, late flowering and high root N (low PC1 - 35.3% of variation); while the second axis relates
to leaf speed and photosynthetic pathways (high PC2 = high SLA, high leaf N ; 24.2% of variation); and the third
axes separate graminoids based on leaf P content (low PC3 = high P; 16.8% of variation). Trait abbreviations:
specific root length (SRL), leaf Phosphorus and Nitrogen (leaf P, leaf N), root Nitrogen (root N), specific leaf area
(SLA), peak flowering (FlrDate).
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CHAPTER 2

Figure S2.1: Trait correlations
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Legend: Pairwise correlations for all traits measured. White squares are not significant correlations; number
indicates the strength of the correlation, while color indicates if it is a positive (red) or negative (blue) relationship.
See Table 2.1 and Table S2.1 for abbreviations.
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Table S2.1

many or few and long or short)

Short appendages must be 1/10 the length of
the seed to be considered and less than or equal
to the length of the seed; long appendages are >
length of the seed

Trait Trait category |Units and formulas Methods
Seed coat reflectance Morphological|VideometerLab multispectral acquisition VideometerLab Manual
(intensity) system (Videometer A/S, Denmark)
Dispersal morphological |Morphological{Categories include no appendages- coarse Categorical (Kleyer et al.
categorization surface, no appendages — smooth, balloon, flat, |2008; LEDA trait

and elongated appendages (further divided into |database methodology)

Seed mucilage Surface (Presence/Absence) : Removed as highly Yang et al. 2021
presence (mucilage) barrier correlated with SCP

Seed total nitrogen per Chemical Total nitrogen per gram of pulverized seed UC Davis Stable Isotope
gram (N) Laboratory

Perimeter (P) Morphological|Total length of the perimeter VideometerLab Manual

Legend: Seed traits included in correlation assessment (Figure S2.1) but not included in principal component

analysis. Seed traits measured with trait type, definition of measurement, and methods citation. VideometerLab
multispectral acquisition system software (Videometer A/S, Denmark) was used to measure seed coat intensity,
perimeter, seed area, rectangular fit, and variance from radial symmetry.
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Table S2.2

PCl |PC2 | PC3 | PC4 |PC5 |PC6 | PC7 |PC8 | PC9 | PCI10 | PCl11
SCT -0.13 1 0.29 | 0.57 | -0.08 | -0.05 | 0.53 | 0.00 |-0.13]0.52 | 0.05 | -0.02
mass -0.32|1 051 | 024 |-0.11]0.17 {-0.2 |0.13 |0.05 |-0.38|-0.13 | 0.57
SCP -0.01 | -0.33 1 0.09 | -0.74 | 0.23 | -0.07 | 0.35 | 0.21 | 0.15 | -0.28 | -0.04
carbon 0.3 -0.32 1 0.36 | -0.06 | -0.04 | 0.10 | 0.04 | -0.69 | -0.4 | -0.14 | 0.09
CN -0.27 1 0.08 | -0.36 | -0.34 | -0.48 | 0.43 | 0.27 | -0.10 | -0.31 | 0.30 | -0.04
length -0.5 |1 0.03 | 023 |0.04 |03 -0.1 |-0.02 | -0.06 | -0.32 | 0.08 | -0.69
starch -0.23 1 0.07 | -0.52 | 0.11 | 0.47 |0.28 |0.06 |-0.42|0.19 |-0.37 | 0.07
shape -0.37|-0.44 | 0.05 | 0.11 | 0.16 |-02 |0.18 |-0.19]0.24 | 0.59 | 0.34
dispersal structure | -0.36 | -0.11 | 0.07 | 0.27 | -0.56 | -0.3 | 0.31 |-0.10 | 0.20 | -0.49 | -0.06
texture -0.33 | -0.14 | -0.05 | -0.36 | -0.19 | -0.10 | -0.81 | -0.13 | 0.07 | -0.11 | 0.12
compact 0.21 | 0.46 |-0.13|-0.30 | -0.07 | -0.51 | 0.09 |-0.46|0.26 | 0.22 | -0.20

Legend: Principal component analysis trait loadings. Values indicate the strength (greater absolute value) and
direction (positive or negative) that a single trait aligns with a PC axis. See Table 2.1 for trait abbreviations.
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Table S2.3

Species Life history Number
pec Functional type | (annual or . PC1 PC2 PC3
origin . of species

perennial)
non-native | forb annual 6 0.69 © -0.37 ab -0.5
non-native | grass annual 5 -3.32 2 0.27 # -1.27
non-native | N-fixing forbs | annual 3 0.08 be 2.01 -1.25
native forb annual 33 0.47 2 -0.43 P 1.112
native forb perennial 12 041 ¢ 0.55 P 0.25
native grass annual 1
native grass perennial 2 -2.37 @ 0.39 @b -1.13
native N-fixing forbs | annual 5 -0.06 Pe 0.86 @ 0.0

Legend: Mean PC values by life form group. There are no significant differences among any groups for PC3 value.
Letters shared by groups indicate that those group means are not significantly different from each other in a pairwise

Tukey comparisons across groups.
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Table S2.4

Sgggies Species name (S)Figi:liles fyl;r;ctional PC1 PC2 PC3 PC4
ALLFAL | Allium falcifolium native Forb 0.96 1.92 0.53 0.36
ANAARYV | Anagallis arvensis non-native Forb 1.94 1.05 -0.74 -0.48
ANCFIL Ancistrocarpus filagineus native Forb 1.09 -0.83 0.76 0.3
ATHPUS | Athysanus pusillus native Forb -0.37 -0.68 -0.27 0.2
AVEFAT | Avena fatua non-native Grass -3.32 2.07 0.05 0.37
BROELE | Brodiaea elegans native Forb 0.93 2.44 -0.92 0.04
BROHOR | Bromus hordeaceus non-native Grass -3.96 -1.01 -2.03 0.21
BROMAD | Bromus madritensis non-native Grass -3 -0.59 -1.05 0.25
CALCIL Calandrinia ciliata native Forb 1.78 0.89 -1.05 1.4
CALPAU | Calycadenia pauciflora native Forb 0.08 0.76 0.96 0.2
CASATT | Castillea attenuata native Forb 23 -1.32 0.26 0.17
CENTRI Centaurium trichanthum native Forb 4.05 -0.66 -0.8 1.08
CHAGLA | Chaenactis glabriuscula native Forb -1.23 -1.92 0.3 0.86
CHLPOM | Chlorogalum pomeridianum native Forb -0.13 1.66 1.52 -0.13
CLAGRA | Clarkia gracilis native Forb 1.51 -1.06 0.85 -0.43
CLAPUR | Clarkia purpurea native Forb 2.11 -0.2 0.73 0.61
COLSPA | Collinsia sparsiflora native Forb -0.58 0.4 -0.73 -1.39
CRYHIS Cryptantha hispidula native Forb 1.11 -0.53 1.33 0.58
DICCAP Dichelostemma capitatum native Forb 0.26 0.19 -0.52 0.84
ELYELY | Elymus elymoides native Grass -3 0.16 -0.95 -0.3
EPIBRA Epilobium brachycarpum native Forb 0.35 -1.21 0.74 -0.39
ERINUD Eriogonum nudum native Forb -0.88 0.19 -1.3 -0.13
ERILAN Eriophyllum lanatum native Forb -0.82 -2.67 2.07 -0.8
EUPCRE | Euphorbia crenulata native Forb 1.41 0.71 0.32 -0.88
FILCAL Filago californica native Forb 2.53 -2 -0.97 0.9
FRIPUR Fritillaria purdyi native Forb -0.32 0.23 0.47 -0.18
GALAPA | Galium aparine native Forb 1.66 -0.48 -1.07 -0.75
GALMUR | Galium murale non-native Forb 1.34 -0.76 -1.03 -0.73
GILCAP Gilia capitata native Forb 0.42 -0.07 0.52 -2.36
GILTRI Gilia tricolor native Forb 1.27 -0.98 -1.09 -1.99
HOLVIR Holocarpa virgata native Forb 0.29 0.37 2.67 -0.19
HYPGLA | Hypochaeris glabra non-native Forb -1.11 -1.01 1.2 0.95
LACSER | Lactuca serriola non-native Forb 1.25 -1.36 0.58 0
LAGMIN | Lagophylla minor native Forb 1.1 -1.36 0.45 0.41
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LASCAL | Lasthenia californica native Forb -0.02 -2.65 0.34 0.98
LEPNIT Lepidium nitidum native Forb 0.45 -0.73 0.76 -2.66
LINDIC Linanthus dichotomus native Forb 1.72 -0.95 -0.13 -0.05
LOLMUL | Lolium multiflorum non-native Grass -2.53 0.65 -1.63 -1.02
LOMMAR | Lomatium marginatum native Forb -1.06 1.34 1.54 -1.24
LOTHUM | Lotus humistratus native N-fixer 0.39 1.83 0.1 0.67
MEDPOL | Medicago polymorpha non-native N-fixer 0.42 0.26 1.19 1.69
MICCAL | Micropus californicus native Forb -1.54 0.02 0.44 -0.91
MICDOU | Microseris douglasii native Forb -2.12 -0.58 1.99 -0.14
MIMDOU | Mimulus douglasii native Forb -0.04 0.36 -1.29 -0.57
MIMGUT | Mimulus guttatus native Forb 3.87 -0.87 -0.45 0.99
NASPUL | Nassella pulchra native Grass -1.7 0.81 -1.29 0.7
NAVIJEP Navarretia jepsonii native Forb -0.3 -0.48 0.61 -0.3
PETPRO Petrorhagia prolifera non-native Forb -0.57 0.42 -3.5 0.89
PHLGRA | Phlox gracilis native Forb -0.18 -0.24 -1.06 -1.6
PLAERE Plantago erecta native Forb 0.44 0.22 1.12 -2.47
RIGLEP Rigiopappus leptocladus native Forb -1.39 -1.48 0.74 0.92
SIDDIP Sidalcea diploscypha native Forb 0.53 0.96 -0.18 -1.8
SILGAL Silene gallica native Forb 2.06 0.84 -1.78 1
SISBEL Sisyrinchium bellum native Forb 0.88 2.16 0.83 -0.83
TAECAP | Taeniatherum caput-medusae | non-native Grass -3.8 0.75 -1.71 -0.11
THYCUR | Thysanocarpus curvipes native Forb -1.25 0.12 -1.62 -1.35
TRIALB Trifolium albopurpureum native N-fixer 0.2 0.6 0.8 1.55
TRIFUC Trifolium fucatum native N-fixer -0.78 1.67 -0.26 1.01
TRIHIR Trifolium hirtum non-native N-fixer 0.1 2.33 0.78 1.64
TRIWIL Trifolium willdenovii native N-fixer 0.34 0.67 -0.19 0.58
TRIGRA Trifolium gracilentum native N-fixer -0.24 0.82 -0.15 1.21
UROLIN Uropappus lindleyi native Forb -4.27 -2.12 2.29 0.6
VICVIL Vicia villosa non-native N-fixer -0.13 4.39 1.67 0.72
VIODOU | Viola douglasii native Forb -0.02 0.73 1.59 -0.55
VULMIC Vulpia microstachys native Grass -3.03 -2.49 -0.39 2.05
ZIGFRE Zigadenus fremontii native Forb 1.27 -1.44 -2.13 -1.17

Legend: Summary table of species with the PC values 1-4 for each species.

131




CHAPTER 3

S3.0 Supplement information on imputed data:

Missing datapoints: For the imputation of dry leaf mass and dry cotyledon mass for 5 individuals (leaf samples were
lost to drying oven malfunction), we used the wet mass from all individuals at the site to create a response of dry
mass. For cotyledons, we included both full wet leaf mass and cotyledon wet mass as predictive variables (r2=0.53);
while for full dry leaf mass, we used wet leaf mass as the only predictive variable (12=0.93). Model selection was
done using AIC. Using the resulting parameters, we calculated values for the 5 missing individuals. Further, we used
these values to calculate other traits (SLA, RMR, total biomass). All plants were from the low elevation site.

Cotyledon model
estimate standard error t value p-value
Intercept 0.0005 0.0001 3.170 0.004
Wet cotyledon mass | 0.0971 0.0341 2.846 0.008
Wet leaf mass 0.0203 0.0112 1.819 0.080
Leaf model
estimate standard error t value p-value
Intercept 0.0006 0.0001 5.36 <0.0001
Wet leaf mass 0.1432 0.0074 19.34 <0.0001

Seed production: Linear predictive model for number of seeds produced based on site, maternal treatment, and
length of inflorescences produced.

In order to estimate the seed production from all flowering individuals, we used a linear model including population,
maternal treatment, their interaction, and the inflorescence length. The response variable was the number of seeds
(although the model done with total seed mass per inflorescence was very similar - not shown). We used the
estimates from this model and the true inflorescence length of every plant (sum of all inflorescences produced) to
impute a number of seeds for each flowering plant. The number of expected seeds was rounded to the nearest full
integer in order to use this dataset in a negative binomial model. For the model, the residual standard error was 5.01,
with 25 degrees of freedom, and an adjusted R-squared of 0.61.

Analysis of Variance Table

Degrees of freedom | Sum Sq | Mean Sq | F value p-value
population (elevation) 2 798.02 | 399.01 15.896 <0.0001
maternal environment treatment | 2 41.74 20.87 0.831 0.447
inflorescence length 1 556.43 | 556.43 22.168 <0.0001
population: maternal treatment | 3 102.06 34.02 1.355 0.279
residual 25 627.52 25.10
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Seed production model summary:

estimate | standard error | t value | p-value
mid-elevation, control (Intercept) [ 3.519 4.270 0.824 | 0.418
low elevation 5.908 3.189 1.852'1 0.076
high elevation 5.656 3.668 1.542 | 0.136
drought maternal treatment -1.890 3.189 -0.59 1 0.558
water maternal treatment -3.830 3.167 -1.21 ] 0.238
infl. length 2.154 0.519 4.148 | 0.000
low:drought 0.462 4.486 0.103 [ 0.919
high:drought NA NA NA NA
low:water 2.604 4.968 0.524 1 0.605
high:water 11.040 5.543 1.991 | 0.060
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Figure §3.1: Trait correlations for all traits
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Legend: Pairwise correlations for all traits measured. White squares are not significant correlations; number
indicates the strength of the correlation, while color indicates if it is a positive (red) or negative (blue) relationship.
See Table 3.1 and Table S3.1 for abbreviations.
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Figure §3.2: Individual seedling height and dry-down survival
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Legend: The relationship for dry-down performance plants where each dot represents an individual plant's height at
day 5 and days that individual remained alive during the dry-down. The low elevation population is shown in teal,
mid-elevation is pink, and the high elevation is purple. Shapes represent maternal environment treatments, where
drought plants are circles, control plants are triangles, and well-watered plants are squares. The line represents a
significant slope change with trait values (see Table S3.6).
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Figure §3.3: Seedling trait distributions
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Legend: Boxplots show maternal environment treatment and population means and distribution of seedling trait data
collected at 10 days. PC values were used for analyses. Drought maternal environment treatments are shown in
orange circles, control in green triangles, and water in blue squares. See Table 3.1 and Table S3.1 for abbreviations.
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Figure §3.4: Seed mass of field collected plants
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Legend: Points are the initial average seed mass for plants from each maternal environment treatment with standard
error bars for all plants in the dry-down experimental performance group. Drought maternal environment treatments
are shown in orange circles, control in green triangles, and water in blue squares.
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Table S3.1

Trait Units Relevance of trait

Height at day 5 (Hgt_day5) mm Indication of early seedling growth rate as well as plant size.

Total dry seedling biomass g Indication of total plant size.

(SeedlingBM)

Average leaf area cm”™2 Indication of leaf size.

(AVleafarea)

Leaf nitrogen (leaf N) % Associated with photosynthetic ability of leaf and leaf durability.

Root tissue density (RTD) g/cm”3 | Relates to root conservation and durability; higher RTD is associated
with higher durability.

Root dry mass (R.mass) g Indication of root system size.

Root tips (Tips) count Measure of root interaction with the soil; more root tips are associated
with greater intake of water and nutrients from the soil.

Root nitrogen (Root N) % Relates to root conservation and durability; higher root N is associated

with lower durability.

Legend: Traits analyzed for correlations but not included in the principal component collected from 10-day old
seedlings from the trait group. Abbreviations are given in parentheses. Height was measured as the distance from
soil to highest leaf tip. Due to limited tissue available from each seedling, leaf N and root N samples were pooled
across multiple individuals from the same population and maternal treatment.

139




Table S3.2

Survival Reproductive performance Trait data collection
(flowered/total)

drought | control | water | drought control water drought | control | water
Low elevation 9 12 4 9/9 11/13 3/6 13 12 11
(BC)
Mid-elevation 26 31 27 6/24 10/20 12/27 8 23 14
(AR)
High elevation | 30 26 32 0/25 4/23 2/20 25 29 22
(CO)

Legend: Final sample sizes for each population and maternal treatment for the 3 groups: seedling trait group, dry-
down seedlings, and reproductive performance plants. Reproductive performance sample size for the probability of
flowering includes all plants, while sample size for seed production is limited to only the plants that flowered.
Sample sizes varied greatly due to different germination rates among populations and due to random chance via
sampling design.
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Table S3.3

PCI | PC2 [PC3 [PC4 [PC5 |PC6 |PC7 |PC8
DTE 0.366 | 0.136 | 0392 | 0.127 | -0.229 [ 0.779 | -0.122 | 0.063
Seed mass | 0.438 | -0.444 | -0.285 | -0.217 | -0.158 | 0.034 | 0.452 | 0.503
R.Length -0.149 | -0.631 | -0.205 | -0.37 | -0.065 | 0.301 | -0.364 | -0.417
R.Diameter | 0.573 | -0.045 | 0.126 | -0.064 | -0.015 | -0.433 | -0.667 | 0.13
RMF -0.166 | 0.456 | -0.621 | -0.231 | -0.073 | 0.242 | -0.351 | 0.372
SLA -0.218 | 0.108 | 0.228 | -0.293 | -0.865 | -0.23 | 0.044 | -0.008
SRL -0.496 | -0.327 | 039 | 0.055 | 0.14 | 0.037 | -0.238 | 0.644
R.tips.length | -0.055 | -0.241 | -0.343 | 0.808 | -0.381 | -0.026 | -0.147 | 0.004

Legend: Principal component analysis trait loadings. Values indicate the strength (greater absolute value) and
direction (positive or negative) that a single trait aligns with a PC axis. See Table 3.1 for trait abbreviations.
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Table S3.4

Method Variable Degrees of | F and p-value
Freedom

ANOVA of PC1 Site 2 107.1,<0.001
Maternal treatment 2 5.2,<0.01
Interaction 4 0.91, 0.46
Residual 145

Tukey multiple Low — Mid site <0.001

comparison of means Low — High site <0.001

post-hoc comparison of Mid — High site 0.97

ANOVA for PC1
Drought — Control 0.37
Control — Water 0.12
Drought — Water 0.004

ANOVA of PC2 Site 2 7.2,<0.001
Maternal treatment 2 1.9,0.16
Interaction 4 2.3, 0.059
Residual 145

Tukey multiple Low — Mid site 0.03

comparison of means Low — High site <0.001

post-hoc comparison of Mid — High site 0.60

ANOVA for PC2 Drought — Control 0.18
Control — Water 0.98
Drought — Water 0.28
*Low Drought — High Water 0.04
*Low Control — High Water 0.02
*Low Drought — Mid Control 0.056
*Low Control — Mid Control 0.03

ANOVA of PC3 Site 2 3.0, 0.054
Maternal treatment 2 0.24, 0.79
Interaction 4 1.5,0.20
Residual 145

Tukey multiple Low — Mid site 0.71

comparison of means Low — High site 0.06

post-hoc comparison of Mid — High site 0.26

ANOVA for PC3

ANOVA of PC4 Site 2 0.95,0.39
Maternal environment 2 0.27,0.76
Interaction 4 0.78, 0.54
Residual 145

Legend: Differences in seedling trait PC axes between sites and maternal environment treatments compared using
ANOVA statistical comparisons and Tukey post-hoc tests. Significant comparison groups (p-value < 0.05) are
bolded and marginally significant (p<0.10) are italicized. Pairwise comparisons are calculated using a Tukey
multiple comparisons of means test with a 95% family-wise confidence level. *See table below for full pairwise
interaction comparisons.
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PC1 PC2
Pairwise comparison groups | p-value | p-value

high:water high:control | 0.871 0.973
high:water high:drought | 0.039 0.68
high:drought | high:control | 0.574 0.997
mid:water mid:control | 0.999 0.283
mid:water mid:drought | 1 1
mid:drought | mid:control 1 0.346
low:water low:control 0.946 0.971
low:water low:drought | 0.762 0.997
low:drought | low:control 1 1
low:drought | mid:control 0 0.056
low:drought | mid:drought | O 1
low:drought | mid:water 0 0.999
low:control mid:control | 0 0.035
low:control | mid:drought | O 0.999
low:control | mid:water 0 0.984
low:water mid:control | 0 0.508
low:water mid:drought | 0O 1
low:water mid:water 0 1
high:drought | low:control | 0 0.535
high:drought | low:drought | O 0.724
high:drought | low:water 0 0.998
high:control | low:control | 0 0.168
high:control | low:drought | 0 0.265
high:control | low:water 0 0.9
high:water low:control 0 0.025
high:water low:drought | 0 0.04
high:water low:water 0 0.427
high:drought | mid:water 0.604 0.985
high:drought | mid:control | 0.862 0.774
high:drought | mid:drought | 0.819 0.968
high:control | mid:drought | 1 0.736
high:control | mid:water 1 0.737
high:control | mid:control 1 0.99
high:water mid:control | 0.716 1
high:water mid:drought | 0.998 0.285
high:water mid:water 0.992 0.221

Legend: Pairwise significant differences of PC values for maternal environment treatments and populations from
Table S3.4. P-values indicate that pairwise comparisons between groups are significant and that these groups are
significantly (p<0.05) or marginally (p<0.10) different from each other. Table is shown in color where teal indicates
low-elevation, pink indicates mid-elevation, and purple indicates high elevation maternal treatment groups.
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Table S3.5

Model Method Variable D.F. F and p-value
Population, maternal PERMANOVA Maternal environment 2 1.98, 0.069
treatment, and population by | Bray Curtis, 999 Population 2 14.71, 0.001
maternal treatment permutations Interaction 4 2.09, 0.015
interaction Residual 145
High elevation site PERMANOVA Maternal environment | 2,72 2.87, 0.015
Mid-elevation site Bray Curtis, 999 Maternal environment 2,42 1.50, 0.16
Low elevation site permutations, run Maternal environment 2,31 1.91, 0.078
separately for each
site
Drought maternal treatment | PERMANOVA Population 2,42 4.59,<0.001
Control maternal treatment Bray Curtis, 999 Population 2,59 10.25,<0.001
Water maternal treatment permutations, run Population 2,44 3.20,<0.01
separately for each
maternal treatment

Legend: PERMANOVA comparison of seedling trait values across populations, maternal environment treatment,
and their interaction. Seedling traits included in the model are the same as those included in the PCA analysis (see
Table 3.1). Significant parameters (p-value < 0.05) are bolded, marginally significant (p<0.10) are italicized and
indicate that at least one level of this parameter is different from another level.
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Table S3.6

Performance metric models for individual plant trait values: Survival and Flowering

Response | Predictive Intercept Estimate logLik Chisq | p- R2 R2
variable (standard error) | (std.error) value | marg. | cond.
Intercept only | 57.75 (1.30) NA -727.17 | NA NA 0 0.10

Survival | Height day 5 | 51.75 (3.18) 0.11 (0.05) -725.04 | 4.26 0.04 [0.02 ]0.11
Days to 55.33 (3.08) 0.31(0.35) -726.82 1 0.70 0.40 [0.00 ]o0.11
emergence
Seed mass 60.69 (3.22) - 668.44 (662.47) | -726.79 | 0.76 0.38 [0.01 ]0.13
Intercept only | -0.54 (0.70) NA -87.5 NA NA 0 0.18

Flowering | Height day 5 | -0.28 (1.23) -0.005 (0.02) - 87.52 0.06 |0.80 |[0.03 [0.18
Days to -1.43 (1.08) 0.12 (0.11) - 86.92 1.25 0.26 |[0.00 ]0.19
emergence
Seed mass 1.50 (1.15) -488.07 (252.91) | -85.94 3.22 0.07 10.17 |0.20

Legend: Dry-down survival time and the probability of flowering were modeled separately for each trait that was
collected for every individual plant (height at day 5, days to emergence, seed mass). All models included the
population by treatment as a random effect. The log-likelihood, chi-square statistic, and p-value were determined by
comparing the model with the trait to an intercept only model that included the random effect of population by
maternal treatment. The marginal r-squared indicates the variation explained by the trait value while the conditional
R-squared value indicates the variation explained by the trait and the random effect. Dry-down survival (days alive
without watering) was modeled using a linear model (Imer, package Ime4) and R-squared values were calculated
from the package MuMin. Flowering was modeled as a binomial model with a logit link (glmmTMB package); R-
squared values for the probability of flowering were calculated using McFaddens r-squared. Significant parameters
(p-value < 0.05) are bolded and marginally significant (p<0.10) are italicized.

Performance metric models for individual plant trait values: Seed Production

Predictive Intercept Estimate LR p-value DF R Residuals
variable (standard (standard error) | statist | (Chi- squared | meet
error) ic square) value assump-
tions
Low Intercept only | 4.80 (0.10)
elevatio.n Heightday 5 | 4.79 (0.44) | 0.00 (0.01) 0 0.99 21 0 yes
population ["p oo 4.86 (0.42) | -0.01(0.06) 0.02 |0.88 21 0 yes
emergence
Seed mass 4.90 (0.44) | -47.06 (198.66) | 0.05 0.83 21 0 no
Mid- Intercept only | 3.5 (0.09) 28
elevatio.n Height day 5 | 3.17 (0.51) | 0.01(0.01) 10.47 ] 0.005 26 0.03 yes
population [Tn v to 3.07 (0.42) | 0.06 (0.05) 11.58 | 0.003 26 |0.06 no
emergence
Seed mass 2.41(0.61) ]239.62(127.09) | 3.10 0.078 27 0.11 yes

Legend: LR= likelihood ratio. DF = degrees of freedom. Due to the low sample size (see Table S3.2) and high
variance between means and standard deviations across populations and maternal environment treatments (Figure
3.3¢), we modeled seed production using a negative binomial linear model separately for the low and mid-elevation
populations (MASS package, function glm.nb); the high elevation population did not have enough data points to
model (n=6). As seed production was modeled separately for each population, there is no random effect in these
models. The comparison model here includes only the intercept, e.g., the population mean. Not all models were able
to satisfy assumptions for the distribution of residuals. R-squared values are delta values from the MuMIn package.

Significant parameters (p-value < 0.05) are bolded and marginally significant (p<0.10) are italicized.
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Table S3.7

Statistical adjusted
Comparison Test group 1 | group?2 [ n p-value p-value
Chi-square Chi-squared value = 48.97, df = 2, p-value =0
Is flowering different between sites? = HE 101 0 0.0001
Pairwise AR CC 141 0 0
fisher test BC CC 96 0 0
Fisher’s test 0.062
Is flowering different between maternal Drought | Control | 22 0.494 0.524
treatments at low elevation (BC)? Pairwise Water | Control | 19 0.262 0.524
fisher test Water | Drought | 15 0.044 0.132
Is flowering different between maternal
treatments at mid-elevation (AR)? Fisher’s test 0.157
. . Fisher’s test 0.084
irsegtonzveftl:it‘ﬁf;reeﬁfaﬂg‘z‘égl)itemal Drought | Control | 48 0.045 0.136
Pairwise Water Control | 43 0.669 0.669
fisher test Water | Drought | 45 0.192 0.384
Fisher's test 169 0.0005
ARD ARW 53 0.151 1
ARC ARD 45 0.117 1
ARC ARW 48 1 1
Is flowering different between each AdC BCC 33 0.067 0.941
population by maternal family category? | Pairwise ARC BCD 29 0.011 0.262
fishertest | ARC  [Bcw |26 1 1
ARD BCC 38 0.001 0.015
ARD BCD 34 0 0.003
ARD BCW 31 0.32 1
ARW BCC 41 0.039 0.774
ARW BCD 37 0.005 0.13
ARW BCW 34 1 1
ARD CCC 48 0.727 1
ARD CCD 50 0.022 0.468
ARD CCW 45 0.269 1
ARC CCC 43 0.048 0.792
ARC CCD 45 0 0.002
ARC CCW 40 0.014 0.304
ARW CCC 51 0.039 0.774
ARW CCD 53 0 0.002
ARW CCW 48 0.011 0.259
BCC BCD 22 0.494 1
BCC BCW 19 0.262 1
BCD BCW 15 0.044 0.792
BCC CCC 36 0 0.006
BCC CCD 38 0 0
BCC CCW 33 0 0.001
BCD CCC 32 0 0.001
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BCD CCD 34 0 0

BCD CCW 29 0 0

Is flowering different between each o BCW CCC 29 0.131 1
population by maternal family category? Eagwwe BCW CCD 31 0.004 0.116
Sheriest T5ew [cew | 26 0.062 | 0.936

CCC CCD 48 0.046 0.792

CCC CCW 43 0.669 1

CCD CCW 45 0.192 1

Legend: Fisher’s exact test for count data; comparing flowering between maternal environment treatments and
populations. For each comparison the fisher, which allows unbalanced sample sizes, or chi-square test indicates if
there is a difference among any of the groups, while a pairwise test compares each pair of subgroups. n indicates the
sample size for the specific group comparison. Populations are abbreviated and indicated by color: AR = Arboretum,

mid-elevation population (pink); BC= Blue Chute, low-elevation population (teal); CC= Camp Colton, high
elevation population (purple). Population by maternal environment treatments are abbreviated as populations

followed by C = control maternal environment, D = drought maternal environment, W= well-watered maternal
environment, i.e., ARD = mid-elevation, drought maternal treatment. The p-value indicates the difference between

the two groups, while the adjusted p-value accounts for error from calculating a high number of pairwise

comparisons. Significant parameters (adjusted p-value < 0.05) are bolded and marginally significant (adjusted p-

value <0.10) are italicized.
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