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Abstract

Species with shared geographic history may co-evolve, with interactions leading to niche differentiation and improved resource
capture. Thus, plant communities assembled from sympatric sources (shared geographic origins) are predicted to be more
productive and invasion resistant than those from allopatric sources (different origins), even with identical species composition.
We compared performance among communities of four species from 15 locations, assembled from allopatric or sympatric sources.
Unexpectedly, allopatric-sourced communities had 29-35% more inflorescences, 19% higher survival, 19% longer growing season,
26-53% greater size, and 108% lower invader biomass than sympatric-sources. Sympatric populations showed trait convergence
consistent with strong environmental selection, with trait variation higher in allopatric communities. Variation was associated
with higher productivity and invasion resistance, suggesting an advantage of allopatric sources for community reassembly
when environmental filters are strong. These findings challenge assumptions about the advantages of shared origins and have

implications for understanding competition, community assembly, and ecosystem restoration.
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Abstract (150 words)

Species with shared geographic history may co-evolve, with interactions leading to niche
differentiation and improved resource capture. Thus, plant communities assembled from
sympatric sources (shared geographic origins) are predicted to be more productive and invasion
resistant than those from allopatric sources (different origins), even with identical species
composition. We compared performance among communities of four species from 15 locations,
assembled from allopatric or sympatric sources. Unexpectedly, allopatric-sourced communities
had 29-35% more inflorescences, 19% higher survival, 19% longer growing season, 26-53%
greater size, and 108% lower invader biomass than sympatric-sources. Sympatric populations
showed trait convergence consistent with strong environmental selection, with trait variation
higher in allopatric communities. Variation was associated with higher productivity and invasion
resistance, suggesting an advantage of allopatric sources for community reassembly when
environmental filters are strong. These findings challenge assumptions about the advantages of
shared origins and have implications for understanding competition, community assembly, and

ecosystem restoration.
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Introduction

Plants share demands for common resources such as water, nutrients, and light (Gause
1934; Silvertown 2004), but can reduce competition by evolving strategies that reduce direct
overlap in resource use such as offset phenology or variation in rooting depths or leaf
morphology (Aarssen 1983; Bakker et al. 2021; Godoy et al. 2020; Hector et al. 2010;
Kulmatiski et al. 2020). This niche differentiation can result in reduced negative interactions and
even facilitation between plant neighbors, where interacting plants not only experience reduced
direct competition but may also promote each other’s persistence (e.g., nurse plants, hydraulic
lift; Camarretta et al. 2020; Grady et al. 2017; van Moorsel et al. 2018). The results of such plant
interactions affect individual fitness and population trajectories but can also have cascading
effects on community functions such as productivity and invasion resistance (van Moorsel et al.
2019; Whitham et al., 2020). Indeed, there is a breadth of literature demonstrating that
community function is influenced by species-level diversity (Isbell et al. 2015; Mahaut et al.
2020; Tilman et al. 2014).

In addition to the important effects of diversity at the species level, population-level
diversity, or ecotypic variation, can also affect plant interactions and thus communities. The
existence of intraspecific trait variation has long been recognized (Siefert et al. 2015) and is often
correlated with environment and interpreted as evidence of local adaptation (Baughman et al.
2019; Leimu & Fischer 2008). Given substantial phenotypic variation among populations, the
same niche partitioning mechanisms that lead to diversity-function relationships at the species
level could also be associated with intraspecific differences among populations. Indeed,
modeling and manipulative studies have found that growing with neighbors that share site-level

origins (hereafter referred to as sympatric populations) can increase community functions such as
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productivity and invasion tolerance (Aubree et al. 2020; Chen et al. 2022; Dietrich et al. 2024;
Grady et al. 2017; van Moorsel et al. 2018), though other studies have found species-specific
effects, but no consistent community level responses (e.g., Agneray et al. 2023a; Lopez-Angulo
et al. 2023).

Whether at the species or population level, differentiated traits that arise from a shared
interaction history may lead to desirable community properties (Germain et al. 2016; van
Moorsel et al. 2021; Westerband et al. 2021a; Zuppinger-Dingley et al. 2014). For example, if
strong biotic interactions result in niche differentiation and complementarity, we might expect
sympatric communities to have the greatest trait diversity and thus show greater productivity and
less susceptibility to invasion due to more complete use of resources (Figure 1, high resources;
Funk et al. 2008; Moore et al. 2001; van Moorsel et al. 2021). Alternately, strong environmental
filters in low resource or otherwise challenging environments could result in greater trait
similarity, i.e., convergence, among species in sympatric communities, with multiple species
evolving similar characteristics in response to selection (Figure 1, low resources; Bruelheide et
al. 2018; Drenovsky et al. 2012; Westerband et al. 2021b), and thus allopatric mixtures could
display more trait variability due to their divergent environmental backgrounds. If trait variation
is important for community-level functions such as invasion resistance, the relative ability of
sympatric or allopatric communities to demonstrate desirable community functions may not be
constant across all levels of resource availability. Note that we use the phrases “sympatric
communities” and “allopatric communities” throughout to refer to suites of species
experimentally assembled from either the same source location or different source locations.

While we are beginning to understand the importance of plant-plant interactions in

natural and experimental communities (Genung et al. 2012; Grady et al. 2017; van Moorsel et al.
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2018; Zaiats et al. 2021), these interactions are often overlooked when establishing new
communities for ecological restoration, a practice essential for recovering biodiversity loss and
long considered the “acid test” of ecological knowledge (Bradshaw 1987). There is reason to
question if our knowledge of community function is passing this test, as in many cases, restored
communities fall short of practitioner goals (Atkinson et al. 2022; Holl et al. 2022; Shackelford
et al. 2021). Due to myriad practical constraints, restoration projects may include a limited
number of target species with seed sourced from disparate sites (Erickson & Halford 2020; Holl
et al. 2022), resulting in low diversity allopatric communities, i.e., a restoration mix composed of
a few dominant species established from populations with no co-occurrence history. While some
restoration techniques, such as hay transfer in grasslands, include transferring propagules from a
single community into restoration sites en masse (Wagner et al. 2021), it is not always possible
to employ community-based approaches to seed sourcing, due to a lack of intact sites and the
species-specific nature of seed collection and production (e.g., NASEM 2023). Observing the
disconnect between restoration practice and the growing evidence that locally adapted plant-
plant interactions can affect community outcomes such as productivity and response to invasion
(Aubree et al. 2020; Grady et al. 2017; van Moorsel et al. 2018), we investigated whether
preserving the shared origin of seed mixes by collecting seeds from multiple species from one
location could improve restoration outcomes, based on the potential for a co-evolutionary history
to increase community function.

Here we asked how community function is affected by population origin, creating 12
different communities from populations of three common native grasses and a native shrub. We
worked in the semi-arid, western region of the Great Basin Desert, which has experienced

extensive conversion to annual invasive communities and undergoes extensive ecological
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restoration (Bradley et al. 2018). These communities were composed of the same plant species,
but seeds were sourced from populations with a variety of origins (sympatric or allopatric), trait
composition, and source environment variation (Agneray et al. 2023b). We asked four specific
questions: 1) how do community-level responses (aboveground productivity, facilitation,
inflorescence production, and invasive suppression) differ among community mixtures? 2) Do
communities with either allopatric or sympatric origins differ in trait variation? 3) Did any a
priori measurements (source environment or seedling traits) predict community-level
performance? and 4) What plant characteristics are most strongly associated with invasion
resistance?

We began this experiment expecting that sympatric communities would demonstrate
more desirable community-level responses (greater productivity, facilitation, reproduction, and
invasive suppression), due to the potential for coevolved communities to have greater niche
differentiation and efficiency in resource use (Aubree et al. 2020; Silvertown 2004). However, in
a previous study with cold desert plants, we were surprised to find that when origin affected
community outcomes, it was an allopatric community that had the highest biomass and invasion
suppression (Agneray et al. 2023a). Hence, we approached this experiment with some
uncertainty and were curious if a broader assembly of allopatric communities sourced from a
greater number of locations would demonstrate this unexpected phenomenon, or if predictions

about desirable properties in sympatric communities would hold true.

Material and Methods
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Species, site selection and seed collection

We chose native species that co-occur in the Great Basin Desert and are used in restoration: three
perennial grasses (Elymus spp. L., Eriocoma thurberiana (Piper) Romasch, Poa secunda J.
Presl), and one shrub (4rtemisia tridentata Nutt.). Since Elymus elymoides (Raf.) Swezey and E.
multisetus (J.G. Sm.) Burtt Davy co-occur and hybridize in the western Great Basin (Barkworth
et al. 2007), our sampling locations included this complexity. For simplicity, we refer to each of
the four taxa as “species,” though eight Elymus spp. collections contain a combination of the two
species and refer to each collection as a “population.” We collected seeds from 15 sites (Figure
2) where all species co-occur in lower elevation sagebrush steppe communities, with average
annual precipitation between 232 and 388 mm (Table S1; Supplemental Methods; PRISM

Climate Group 2004).

Experimental mesocosms

We established an outdoor planting site with 151 mesocosms filled with local topsoil
(Table S2; 200L, 0.9m depth) at the University of Nevada, Reno (39.537924, -119.804757).
Mesocosm locations were randomized and planted with one of 12 possible mixtures, 6 sympatric
and 6 allopatric, with 11 replicates each, with 19 mesocosms serving as unplanted control
treatments for the invasion experiment

In fall 2019, seeds were planted inside the greenhouse and seedlings were transplanted
into outdoor mesocosms starting in spring 2020. Planting density approximated a typical
sagebrush shrubland community with one individual of 4. tridentata, Elymus spp., and E.
thurberiana, and two individuals of the smaller-statured P. secunda. We monitored survival

weekly from March 2020 to November 2020 (growing season one) and November 2020 through
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August 2021 (growing season two) and monitored green days (presence or absence of
photosynthetic tissue) in growing season one. We initially watered to maximum water holding
capacity and thereafter, lightly watered once weekly if there had been no precipitation. In
November 2020 and March 2021, perished individuals were replaced to ensure complete
community establishment. At the end of August 2020 and 2021, every plant was assessed for
height, crown size (length x width), senescence (an index between 0-3 from least to most live
green tissue), and number of inflorescences.

In December 2020, each container was invaded with Bromus tectorum L. (cheatgrass), a
competitive invasive annual grass in the Great Basin (Bradley et al. 2018; Monaco et al. 2017).
Mesocosms were planted with 130 B. tectorum seeds, based on natural seed production assessed
in a moderately invaded field site. All B. fectorum individuals were harvested at the end of the

second growing season, August 2021, oven-dried, and weighed.

Community responses

We use the word “community” to refer to one of 12 possible mixtures for the individual
mesocosms (Table S2) and community response variables are the aggregated responses across
the five plants in each mesocosm. Productivity was measured as aboveground native plant
volume at the end of the first and second growing seasons. Reproductive output was represented
by the total number of inflorescences produced by all plants in the mesocosm. The total mass of
B. tectorum per mesocosm was used as a metric of invasion resistance, with lower values
indicating greater suppression. We also quantified potential facilitation, measured by the total
mortality experienced by any plant in a mesocosm. We aggregated the number of days plants

were photosynthetically active (i.e., green days) in their first growing season prior to invasion as
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a measure for the community’s potential to capture resources, which is particularly important in

semi-arid systems with pulsed resource availability (Chesson et al. 2004).

Environmental data

Climate normals, soil, and site characteristics for each collection site were gathered from
the PRISM Data Explorer, SSURGO Web Soil Survey, and USGS Digital Elevation Models
(PRISM Climate Group 2004; Soil Survey Staff NRCS-USDA 2021; USGS 2019; Table S1) and
used to calculate a suite of functionally relevant climate variables. We retained 11 variables with

relatively low (|| < 0.6) correlation for analysis (Table S1).

Quantifying seed and seedling traits

We focused on comparing seed and seedling traits among populations, as these
characteristics are important for plant recruitment in the Great Basin Desert (James et al. 2011;
Larson et al. 2023; Leger et al. 2019). We weighed seeds and grew seedlings of each species and
population in a controlled greenhouse environment and measured root, shoot, and phenological
traits, employing methods previously used to describe perennial grass seedlings, and reduced
these measurements to a selected set of traits (Agneray et al. 2023b; Leger et al. 2021;

Supplemental Methods; Tables S3 and S4).

Statistical analysis

Q1: How did community-level responses differ among community mixtures?

We evaluated whether origin (allopatric or sympatric) or individual communities

influenced each response using R version 4.4.2 (R Core Team 2024). Model factors included
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origin and community (nested within origin), with separate linear regression models built for
each response variable, transformed as needed to better fit a Gaussian distribution (Table S5).
Community was included as a fixed term, rather than random, because some communities were
deliberately selected based on their performance in previous experiments (Supplemental
Methods). However, it is also the case that all combinations can be viewed as a subset of a much
larger pool of possible combinations, thus we present a complementary set of models
(Supplemental Methods) in which community was modeled as a random term; this approach
does not precisely reflect our original design but the more limited degrees of freedom for testing
the main effect in the mixed model provided a conservative and thus informative test of our main
hypothesis involving evolutionary history (allopatric vs sympatric origins).

When considering invasion suppression, mesocosms with B. tectorum growing alone
were not included in the models due to their extremely high production values, but information is

presented to illustrate how native communities impacted B. tectorum growth.

0Q2: Do communities with either allopatric or sympatric origins differ in trait variation?

Seed and seedling trait variation within each community mixture was analyzed using
general linear models to ask whether there were overall differences in variation between
allopatric or sympatric communities; trait values were measured from field-collected seeds and
greenhouse-grown seedlings. These models included origin type (either allopatric or sympatric)
with the variation in each seed or seedling trait (Table S3) as response variables, assuming a
Gaussian distribution of residuals. Variation in traits was assessed with the coefficient of
variation of an individual trait among the populations included in a mesocosm, using population-

level means (Table S3; Supplemental Methods).
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Q3: Did any a priori measurements predict community-level performance?

After finding significant differences among community mixtures and between origin
types for nearly every response variable, we asked whether seedling traits measured at the
population-level in the greenhouse or environmental characteristics of the original collection site
could predict a subset of community-level responses (productivity, number of green days,
inflorescence production, survival or B. tectorum biomass) using random forest analysis. We
performed the analysis using the randomForest package in R (Breiman et al. 2018), with 10,000
trees and all other parameters set to the package defaults. We considered the total trait values
(e.g., the sum of seedling root lengths included in a particular community, estimated from the
population averages described in an initial greenhouse experiment) and the variation in each trait
value (e.g., variation in total root length among species in a mesocosm, calculated from
greenhouse measurements) to determine whether traits or trait variation predicted community
responses. For environmental variables, we included the sum of values for each plant’s collection
sites for both sympatric and allopatric communities (e.g., sum of the mean annual precipitation
from represented sites for each plant).

Models were created separately for each community response including totals and
variation of trait values alongside total environmental values and the community type (either
sympatric or allopatric). We then reported the top ten variables ranked by importance, as
measured by the percent increase in Mean Squared Error (MSE), along with the percent of
variance explained by the full model. Additionally, we examined the partial dependence plots for
each of the top ten variables of each response to report the direction of the observed marginal

effects.
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Q4: What plant characteristics are best correlated with invasion resistance?

Focusing on invasion suppression, we sought to explain the marked differences in
performance among communities using structural equation modeling (SEM; Supplemental
Methods). Unlike question 3, which asked whether previously measured traits or environment of
origin predicted community outcomes, this analysis focused on the influence of plant
characteristics within individual mesocosms. Specifically, we evaluated whether the size,
survival, period of active photosynthesis, or reproductive output of plants within a mesocosm
had a measurable influence on invasion resistance. For each species, we selected a single
variable from within the mesocosm that was most strongly correlated with B. tectorum biomass,
selecting one variable from measurements taken prior to invasion in the first growing season and
one variable measured during invasion in the second growing season, and moved these forward
in the SEM. We included potential competitive relationships among native species in the second
growing season in the model, along with origin as a potential predictor of native plant

characteristics in the first growing season.

Results

Q1: How did community-level responses differ among community mixtures?

Origin types (allopatric or sympatric; Figure 2) and unique community mixtures (Figures
3 and S4) differed in nearly every community response (results were consistent across two
modeling approaches with community as a fixed or random effect; Tables 1 and S6). Differences
between allopatric and sympatric communities were all in unexpected directions. Allopatric

mixtures had 19% fewer deaths and in the first growing season were 53% larger, had 35% more
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inflorescences, and 19% more green days than sympatric communities overall. In the second
growing season, allopatric mixtures were 26% larger, made 29% more inflorescences, and
invasion resulted in 108% less B. tectorum biomass.

Most mesocosms planted with native plant mixtures suppressed B. tectorum, relative to
the controls growing B. tectorum alone. In mesocosms with native plants, B. tectorum biomass
ranged from 0.02-73.99g, with an average of 12.43g, which was much lower than B. fectorum
biomass in control mesocosms (mean: 71.40g, range: 55.75-83.67g). Two communities differed
from their treatment group (sympatric or allopatric) in invasion resistance: S2 had low B.
tectorum biomass, relative to other sympatric communities, and A5 had greater B. tectorum

biomass, relative to other allopatric communities (Figure 3).

Q2: Do communities with either allopatric or sympatric origins differ in trait variation?

We asked whether species from sympatric populations were more likely to show
divergent or convergent traits, relative to allopatric populations. Of the seven seed and seedling
traits considered, four differed strongly (average diameter, FRL, RMR, and SRL,; all p <0.05)
and one differed somewhat (days to emergence; p = 0.078) among allopatric and sympatric
communities (Table S7). Of the traits that differed, the sympatric mixtures had less variability in
all measured traits (i.e., trait convergence), though the magnitude of differences was small (mean
CV for allopatric vs. sympatric communities: average diameter, 0.26 vs. 0.24; days to

emergence, 0.37 vs. 0.34; FRL, 0.26 vs. 0.24; RMR, 0.4 vs. 0.22; SRL, 1.17 vs. 1.07; Figure S2).
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Q3: Did any a priori measurements predict community-level performance?

Prior population-level measurements somewhat predicted community-level performance

with all models explaining < 20.15% of the variance (Figure 4). Several community-level

performance responses were associated with population-level environmental variables, seedling
traits, or origin type (Figure 4). The four models with reasonable fits contained trait totals, trait
variation, and environmental variables, and trait totals were in the top ten important variables 10
times, trait variation 11 times, and environmental variables 19 times. Several variables emerged
as key predictors of performance across multiple responses. For example, mesocosms with plants
from sites with lower mean annual precipitation resulted in larger plants and longer
photosynthesis periods during the first growing season, more inflorescences and greater B.
tectorum suppression in the second growing season, among other environmental predictors
(Supplemental Results). Similarly, specific root length appeared in the top ten variables for each
reported response. Higher specific root length, which typically means longer, thinner roots,
resulted in more inflorescences and B. tectorum suppression along with higher volume and more
green days in the first growing season, among other important traits (Supplemental Results).
Finally, variation in seed and seedling traits was in the top variables for every response: greater
variability in root diameter was associated with higher first-season plant volume, longer growing
periods, and greater B. tectorum suppression, while higher variability in root mass ratio was
predictive of B. tectorum suppression and greater inflorescence numbers, while lower variability

in total root biomass was associated with greater B. fectorum suppression.
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Q4: What plant characteristics are best correlated with invasion resistance?

Structural equation modeling confirmed that within-mesocosm factors contributed to 5.
tectorum suppression (Figure 5), and our model showed good fit to the data (x> =26.9, p = 0.308;
lower test statistic and higher p value indicate better fit) and high explanatory power for B.
tectorum biomass (R? = 0.61). Notably, all species benefited from growing in allopatric mixes
during the first growing season, though the strength of the relationship varied. Specifically, in
allopatric mixes, A. tridentata was on average 67% larger, Elymus spp. made 35% more
inflorescences, E. thurberiana was 11% larger, and P. secunda had 26% more green days than
plants grown in sympatric mixes. All four species influenced the biomass of B. tfectorum to some
degree, but the largest suppressive effects were observed for A. tridentata and Elymus spp. with
size (season one, pre-invasion for A. tridentata, season two, post-invasion for Elymus spp.) and
propensity to produce inflorescences (post-invasion for A. tridentata, pre-invasion for Elymus
spp.) negatively associated with B. tectorum biomass. For these two influential species, the
indirect effect of allopatry mediated through A. tridentata was -0.66, while the indirect effect for
Elymus spp. was -0.38. In contrast to the strong competitive interactions between some native
species and B. tectorum, there was weaker evidence of competitive interactions among native
species in the second growing season, with A. tridentata having the strongest direct negative

effect (-0.26) on Elymus spp.

Discussion
Our understanding of how population origin influences plant interactions and community
function is still developing. Results reported here confirm that community properties can vary

dramatically depending on the component source populations, even in relatively simple
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communities derived from broadly similar environments. However, our findings are in strong
contrast with the expectation that a history of co-occurrence produces complementarity in
resource use, improved productivity, or reduced opportunity for species invasion (Aubree et al.
2020; Chen et al. 2022; Grady et al. 2017; van Moorsel et al. 2018). Instead, allopatric mixtures
consistently outperformed single-source collections in all metrics, demonstrating lower
mortality, greater aboveground size and flower production, and longer growing seasons, with a
particularly strong impact on invasion resistance. Allopatric communities exhibited larger
phenotypic variation than sympatric communities, consistent with trait convergence, rather than
divergence in interacting species, consistent with the hypothesis that convergence can occur
when abiotic conditions have strong effects on fitness (e.g., Westerband et al. 2021a). Further,
allopatry had overall positive effects on individual native plant size, which we observed in a
previous experiment (Agneray et al. 2023a), and here, the positive effects of allopatry on A.
tridentata were particularly impactful for reducing invader biomass. In addition to the effects of
co-occurrence history, we found that environment, traits, and trait variation were influential for
predicting community outcomes, with more positive community outcomes when plants were
sourced from drier environments, had higher specific root lengths, and greater variation in
multiple traits. By design, allopatric mixtures encompassed a greater range of environmental
variation represented in each mesocosm, which may have contributed to their superior
performance via the unintended effect of increased trait variance among plants from different
sites.

That our results were unexpected may stem from the fact that much of the foundational
diversity-community function literature is from experiments in more productive ecosystems,

with a heavy emphasis on temperate grasslands and forests (Balnavera et al. 2006; Cardinale et
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al. 2011; Duffy et al. 2017). Notably, reviews from drylands have focused on ecosystem
functions other than increased productivity from more diverse systems (Maestre et al. 2009). In
less productive sites, environmental factors may be stronger selective agents than competitive
plant interactions, particularly during early life stages (e.g., Malkinson & Tielborger 2010).
Indeed, we observed little evidence of direct competitive interactions among our native species.
Contrary to expectations that strongly outcompeting neighbors would lead to higher survival and
fitness, it is possible that plants in less productive systems have higher fitness when they avoid
competition, especially during early life stages (Espeland 2018; Atwater et al. 2021). This could
have the unexpected outcome of sympatric populations using fewer of the available resources,
rather than more, if the fitness of individual plants is increased by minimizing interactions in
early life history stages. Our results align with this hypothesis, suggesting that sympatric
populations may not fully utilize all available resources, which could help explain the
significantly higher biomass of the invasive species, Bromus tectorum, in these communities.
Conversely, the allopatric communities, with populations lacking a shared history, may not have
evolved fine-scaled niche partitioning to avoid direct contact and competition, and thus, may
have had the unexpected outcome of a more complete utilization of available resources. A useful
follow-up study could focus on resource capture across communities of varying origins to
provide further insights into these dynamics.

Despite extensive evidence demonstrating local adaptation of traits to climate and
presumably affecting performance in native habitats (Baughman et al. 2019; Hereford 2009;
Leimu & Fischer 2008), we found relatively weak associations between community outcomes
and either source climate or functional traits. One possible explanation is that our selection of

plant collections from ecologically similar plant communities truncated the degree of variation
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that one would typically see across a species’ occupied area, thereby reducing the predictive
power of either traits or environment relative to other studies (Baughman et al. 2019; Leimu &
Fischer 2008). Further, we measured traits at very early stages and asked if they could predict
outcomes for older plants, though traits are known to shift ontogenetically as plants develop
(Urza et al. 2019; Zaiats et al. 2021). Nevertheless, even among plants from relatively similar
source environments, we found seed and seedling traits and environmental factors that were
associated with several desirable community outcomes. Specifically, lower mean annual
precipitation and higher specific root length (SRL) among populations in a mesocosm were most
often linked to positive community outcomes (larger native plants, more inflorescences, longer
active growth periods, and less B. tectorum biomass). SRL quantifies the proportional investment
of plants towards root length as a proportion of the dry weight of the roots, thus higher SRL
indicates a greater investment in thinner, longer roots focused on underground resource capture,
but higher SRL also reduces a plant’s chance for uprooting and overturning (Freschet et al.
2021). Additionally, our findings align with previous research showing variability in root traits
(i.e., root mass, diameter, root mass ratio, and SRL), strongly promote soil resource partitioning
and species coexistence (Kulmatiski et al. 2020; Silvertown et al. 2015). The surprise here was
that, in order to create communities with variation in important belowground traits, we had to
assemble previously isolated populations. It is worth noting that our traits were derived from
very young plants (10-35 days old), and the fact they were at all predictive of outcomes multiple
years later underscores the importance of early life stages. It is possible that the small differences
in trait variability observed at the seedling stage were magnified in older plants. For future
studies, we recommend measuring phenotypic traits and trait variation of 1- and 2-year-old

plants, as this may provide even stronger predictive insight into final community outcomes.
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We found clear evidence of interactions between the invasive B. tectorum and our native
plants, with native species suppressing the invader (Colautti & Lau 2015; Leger & Goergen
2017; Oduor 2013). Regardless of origin and functional group, native plants suppressed 5.
tectorum biomass, relative to the controls, though the result was strongest in the allopatric
communities. While our expectation was that Elymus spp. would compete the most directly with
B. tectorum, we found evidence that A. tridentata was a very important component of B.
tectorum suppression, and all members of the native plant community had a negative impact on
B. tectorum to some degree, supporting the idea that species diversity confers greater resistance
to invasion (Funk et al. 2008; Peng et al. 2019). In the hopes that exceptions could prove the rule,
we examined the results for the two community mixtures that defied the overall pattern for their
origin type (S2, which was particularly suppressive, and A5, which was not). Anecdotally, S2
was the coldest sympatric site and A5 was the warmest overall allopatric site, but mean annual
temperature was not particularly explanatory for any of the community outcomes, so it is not
clear that this explains their aberrant behavior. Other differences that may have contributed to the
poor invasion suppression of A5 were that those communities had the smallest overall
aboveground volume in the first growing season (but not in the second) along with having the
largest seeds and the lowest SRL (thicker and fewer roots per gram), all factors that were
predictive of invasion suppression to some degree. We did not examine belowground biomass in
these mesocosms, due to the challenge of extracting whole plants, but future experiments using a
different design may be used to understand whether belowground factors are influencing
invasion resistance.

In conclusion, the sympatric or allopatric origin of plant neighbors affected many

elements of community performance, though these effects were more difficult to predict across



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

unique mixtures than expected. While we found that community outcomes differed based on
their source environment and traits, the measured variables had limited explanatory power,
suggesting that other, unaccounted factors may be at work. From an applied perspective, our
results suggest that sourcing from sympatric communities for ecological restoration would not
yield benefits in this system. Instead, the trait diversity found in allopatric communities may
have clear benefits for invasion resistance. It is important to note that our allopatric populations
were selected from relatively similar environments, which is possible in the Great Basin Desert
where natural plant communities span relatively large areas. However, this approach might not
be replicable in other ecosystems that are more degraded or naturally occur over a smaller land
area, and assembling allopatric communities may be a poor approach in highly productive
environments, as suggested by the results of others (Aubree et al. 2020; Chen et al. 2022; Grady
et al. 2017; van Moorsel et al. 2018). Finally, we acknowledge our experiment was conducted
under highly controlled conditions different from a typical restoration scenario, and field results
may differ. Nonetheless, our results demonstrate it is possible to manipulate community function
simply by assembling mixtures of the same species from different source populations, with
compelling evidence that niche differentiation may evolve differently in less productive systems.
We recommend further mechanistic mesocosm studies and field trials that test our findings by
incorporating higher-than-average trait variation through sourcing seeds from different sites with
similar environmental conditions and including a broader range of species could further validate

our results.

Acknowledgments



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

This project was funded by grant 2017-67019-26336 from the USDA National Institute of Food
and Agriculture Sustainable Agroecosystems program and Cooperative Agreement No.
L16ACO00318 from the Bureau of Land Management. Thanks to Shannon Swim, Owen
Baughman, Meagan O’Farrell, Kalin Ingstad, Sage Ellis, Trevor Carter, Amber Durfee, Katelyn
Josifko, Kyla Searcy, Carley Crosby, and Casey Iwamoto for assistance with seed collection,
processing, planting, and data collection. Thank you to Scott Huber for maintaining the
University of Nevada, Reno greenhouse complex and helping care for the experimental
mesocosms. A special thank you to the BLM, FWS, and USFS for making it possible to perform
this work on public land, especially Fred Edwards, Sarah Kulpa, and Dirk Netz, along with Tom

and Tamia Marg, for permitting us on to their private property for a portion of this work.

References

Aarssen, L.W. 1983. “Ecological combining ability and competitive combining ability in plants:
toward a general evolutionary theory of coexistence in systems of competition.” The
American Naturalist 122(6): 707-731. doi.org/10.1086/284167

Agneray, A.C., M.L. Forister, T.L. Parchman, and E.A. Leger. 2023a. “Does a history of
population co-occurrence predict plant performance, community productivity, or invasion
resistance?” Ecology 104(7): e4100. doi.org/10.1002/ecy.4100

Agneray, A.C., T.L. Parchman, and E.A. Leger. 2023b. “Phenotypic traits and environment
strongly predict seedling survival for seven co-occurring Great Basin plant taxa growing
with invasive grass.” Ecology & Evolution 12(5): e8870. doi.org/10.1002/ece3.8870

Atkinson, J., L.A. Brudvig, M. Mallen-Cooper, S. Nakagawa, A.T. Moles, and S.P. Bonser.

2022. “Terrestrial ecosystem restoration increases biodiversity and reduces its variability,


https://doi.org/10.1086/284167
https://doi.org/10.1002/ecy.4100
https://doi.org/10.1002/ece3.8870

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

but not to reference levels: A global meta-analysis.” Ecology Letters 25(7): 1725-1737.
doi.org/10.1111/ele.14025

Atwater, D.Z., R M. Callaway, and S. Xiao. 2021. “Competition as a demolition derby: why
tolerating competitors is more important than suppressing them.” Oikos 130(1): 143-155.
doi.org/10.1111/01k.07634

Aubree, F., P. David, P. Jarne, M. Loreau, N. Mouquet, and V. Calcagno. 2020. “How
community adaptation affects biodiversity—ecosystem functioning
relationships.” Ecology Letters 23(8): 1263-1275. doi.org/10.1111/ele.13530

Bakker, L.M., K.E. Barry, L. Mommer, and J. van Ruijven. 2021. “Focusing on individual plants
to understand community scale biodiversity effects: the case of root distribution in
grasslands.” Oikos 130(11): 1954-1966. doi.org/10.1111/01k.08113

Barkworth, M.E., L.K. Anderton, K.M. Capels, S. Long, and M.B. Piep. 2007. Manual of
Grasses for North America. University Press of Colorado.

Baughman, O.W., A.C. Agneray, M.L. Forister, F.F. Kilkenny, E.K. Espeland, R. Fiegener, M.E.
Horning, et al. 2019. “Strong patterns of intraspecific variation and local adaptation in
Great Basin plants revealed through a review of 75 years of experiments.” Ecology and
Evolution 9(11): 6259-6275. doi.org/10.1002/ece3.5200

Bradley, B.A., C.A. Curtis, E.J. Fusco, J.T. Abatzoglou, J.K. Balch, S. Dadashi, and M.N.
Tuanmu. 2018. “Cheatgrass (Bromus tectorum) distribution in the intermountain Western
United States and its relationship to fire frequency, seasonality, and ignitions.” Biological

Invasions 20(6): 1493-1506. doi.org/10.1007/s10530-017-1641-8


https://doi.org/10.1111/ele.14025
https://doi.org/10.1111/oik.07634
https://doi.org/10.1111/ele.13530
https://doi.org/10.1111/oik.08113
https://doi.org/10.1002/ece3.5200

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

Bradshaw, A.D. 1987. “Restoration: an acid test for ecology.” Restoration Ecology: a Synthetic
Approach for Ecological Research (eds W.R. Jordan, M.E. Gilpin & J.D. Aber), pp. 23—
30. Cambridge University Press, Cambridge, UK.

Breiman, L., A. Cutler, A. Liaw, and M. Wiener. 2018. Package ‘randomforest’. University of
California, Berkeley: Berkeley, CA, USA.

Bruelheide, H., J. Dengler, O. Purschke, J. Lenoir, B. Jiménez-Alfaro, S.M. Hennekens, Z.
Botta-Dukat, et al. 2018. “Global trait-environment relationships of plant
communities.” Nature Ecology & Evolution 2(12): 1906-1917. doi.org/10.1038/s41559-
018-0699-8

Camarretta, N., P.A. Harrison, T. Bailey, N. Davidson, A. Lucieer, M. Hunt, and B.M. Potts.
2020. “Stability of species and provenance performance when translocated into different
community assemblages.” Restoration Ecology 28(2): 447-458.
doi.org/10.1111/rec.13098

Cardinale, B.J., K.L. Matulich, D.U. Hooper, J.E. Byrnes, E. Duffy, L. Gamfeldt, P. Balvanera,
et al. 2011. The functional role of producer diversity in ecosystems. American Journal of
Botany 98(3): 572-592. doi.org/10.3732/ajb.1000364

Chen, Y., A. Vogel, C. Wagg, T. Xu, M. Iturrate-Garcia, M. Scherer-Lorenzen, A. Weigelt, et al.
2022. “Drought-exposure history increases complementarity between plant species in
response to a subsequent drought.” Nature Communications 13(1): 3217.
doi.org/10.1038/s41467-022-30954-9

Chesson, P., R.L. Gebauer, S. Schwinning, N. Huntly, K. Wiegand, M.S. Ernest, A. Sher, et al.
2004. “Resource pulses, species interactions, and diversity maintenance in arid and semi-

arid environments.” Oecologia 141(2): 236-253. doi.org/10.1007/s00442-004-1551-1


https://doi.org/10.1111/rec.13098
https://doi.org/10.3732/ajb.1000364

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

Colautti, R.I., and J.A. Lau. 2015. “Contemporary evolution during invasion: evidence for
differentiation, natural selection, and local adaptation.” Molecular Ecology 24(9): 1999-
2017. doi.org/10.1111/mec.13162

Dietrich, P., A. Ebeling, S.T. Meyer, A.E.B. Asato, Brocher, M., Gleixner, G., Y. Huang, et al.
2024. “Plant diversity and community age stabilize ecosystem multifunctionality.”
Global Change Biology 30(3): €17225. doi.org/10.1111/gcb.17225

Drenovsky, R.E., A. Khasanova, and J.J. James. 2012. “Trait convergence and plasticity among
native and invasive species in resource-poor environments.” American Journal of Botany
99(4): 629-639. doi.org/10.3732/ajb.1100417

Dufty, J., C. Godwin, and B. Cardinale. 2017. “Biodiversity effects in the wild are common and
as strong as key drivers of productivity.” Nature 549: 261-264.
doi.org/10.1038/nature23886

Erickson, V.J., and A. Halford. 2020. “Seed planning, sourcing, and procurement.” Restoration
Ecology 28: S219-S227. doi.org/10.1111/rec.13199

Espeland, E.K. 2018. “Disarming the Red Queen: plant invasions, novel weapons, species
coexistence, and microevolution.” New Phytologist 218(1): 12-14.
doi.org/10.1111/nph.15060

Freschet, G.T., C. Roumet, L.H. Comas, M. Weemstra, A.G. Bengough, B. Rewald, R.D.
Bardgett, et al. 2021. “Root traits as drivers of plant and ecosystem functioning: current
understanding, pitfalls, and future research needs.” New Phytologist 232(3): 1123-1158.

doi.org/10.1111/nph.17072


https://doi.org/10.1111/mec.13162
https://doi.org/10.1111/gcb.17225
https://doi.org/10.3732/ajb.1100417
https://doi.org/10.1038/nature23886
https://doi.org/10.1111/rec.13199
https://doi.org/10.1111/nph.15060
https://doi.org/10.1111/nph.17072

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

Funk, J.L., E.E. Cleland, K.N. Suding, and E.S. Zavaleta. 2008. “Restoration through
reassembly: plant traits and invasion resistance.” Trends in Ecology & Evolution 23(12):
695-703. doi.org/10.1016/j.tree.2008.07.013

Gause, G.F. 1934. “The Struggle for Existence.” 160 pp. Williams and Wilkins Company,
Baltimore.

Genung, M.A., J.K. Bailey, and J.A. Schweitzer. 2012. “Welcome to the neighbourhood:
interspecific genotype by genotype interactions in Solidago influence above-and
belowground biomass and associated communities.” Ecology Letters 15(1): 65-73.
doi.org/10.1111/j.1461-0248.2011.01710.x

Germain, R.M., J.T. Weir, and B. Gilbert. 2016. “Species coexistence: macroevolutionary
relationships and the contingency of historical interactions.” Proceedings of the Royal
Society B: Biological Sciences 283(1827): 20160047. doi.org/10.1098/rspb.2016.0047

Godoy, O., L. Gémez-Aparicio, L. Matias, .M. Pérez-Ramos, and E. Allan. 2020. “An excess of
niche differences maximizes ecosystem functioning.” Nature Communications 11(1): 1-
10. doi.org/10.1038/541467-020-17960-5

Grady, K.C., T.E. Wood, T.E. Kolb, E. Hersch-Green, S.M. Shuster, C.A. Gehring, S.C. Hart, et
al. 2017. “Local biotic adaptation of trees and shrubs to plant neighbors.” Oikos 126(4):
583-593. doi.org/10.1111/01k.03240

Hector, A., Y. Hautier, P. Saner, L. Wacker, R. Bagchi, J. Joshi, M. Scherer-Lorenzen, et al.
2010. “General stabilizing effects of plant diversity on grassland productivity through
population asynchrony and overyielding.” Ecology 91(8): 2213-2220.

doi.org/10.1890/09-1162.1


https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1111/j.1461-0248.2011.01710.x
https://doi.org/10.1098/rspb.2016.0047
https://doi.org/10.1111/oik.03240
https://doi.org/10.1890/09-1162.1

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

Hereford, J. 2009. “A quantitative survey of local adaptation and fitness trade-offs.” The
American Naturalist 173(5): 579-588. doi.org/10.1086/597611

Holl, K.D., J.C. Luong, and P.H.S. Brancalion. 2022. “Overcoming biotic homogenization in
ecological restoration.” Trends in Ecology & Evolution 37(9): 777-788.
doi:10.1016/j.tree.2022.05.002

Isbell, F., D. Craven, J. Connolly, M. Loreau, B. Schmid, C. Beierkuhnlein, T.M. Bezemer, et al.
2015. “Biodiversity increases the resistance of ecosystem productivity to climate
extremes.” Nature 526(7574): 574-577. doi.org/10.1038/nature15374

James, J.J., T.J. Svejcar, and M.J. Rinella. 2011. “Demographic processes limiting seedling
recruitment in arid grassland restoration.” Journal of Applied Ecology 48(4): 961-969.
doi.org/10.1111/j.1365-2664.2011.02009.x

Kulmatiski, A., P.B. Adler, and K.M. Foley. 2020. “Hydrologic niches explain species
coexistence and abundance in a shrub—steppe system.” Journal of Ecology 108(3): 998-
1008. doi.org/10.1111/1365-2745.13324

Larson, J.E., A.C. Agneray, C.S. Boyd, J.B. Bradford, O.A. Kildisheva, K.N. Suding, and S.M.
Copeland. 2023. “A recruitment niche framework for improving seed-based restoration.”
Restoration Ecology 31(7): €13959. doi.org/10.1111/rec.13959

Leger, E.A., and E.M. Goergen. 2017. “Invasive Bromus tectorum alters natural selection in arid
systems.” Journal of Ecology 105(6): 1509-1520. doi.org/10.1111/1365-2745.12852

Leger, E.A., D.Z. Atwater, and J.J. James. 2019. “Seed and seedling traits have strong impacts
on establishment of a perennial bunchgrass in invaded semi-arid systems.” Journal of

Applied Ecology 56(6): 1343-1354. doi.org/10.1111/1365-2664.13367


https://doi.org/10.1086/597611
https://doi.org/10.1111/j.1365-2664.2011.02009.x
https://doi.org/10.1111/1365-2745.13324
https://doi.org/10.1111/rec.13959
https://doi.org/10.1111/1365-2745.12852
https://doi.org/10.1111/1365-2664.13367

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

Leger, E.A., S. Barga, A.C. Agneray, O. Baughman, R. Burton, and M. Williams. 2021.
“Selecting native plants for restoration using rapid screening for adaptive traits: methods
and outcomes in a Great Basin case study.” Restoration Ecology 29(4): €13260.
doi.org/10.1111/rec.13260

Leimu, R., and M. Fischer. 2008. “A meta-analysis of local adaptation in plants.” PloS
One 3(12): e4010. doi.org/10.1371/journal.pone.0004010

Loépez-Angulo, J., L. Stefan, N. Engbersen, and C. Schob. 2023. “Ecological and evolutionary
effects of crop diversity decrease yield variability.” Journal of Ecology 111(6): 1242-
1253. doi.org/10.1111/1365-2745.14092

Maestre, F.T., R.M. Callaway, F. Valladares, and C.J. Lortie. 2009. “Refining the stress-gradient
hypothesis for competition and facilitation in plant communities.” Journal of Ecology
97(2): 199-205. doi.org/10.1111/1.1365-2745.2008.01476.x

Mahaut, L., F. Fort, C. Violle, and G.T. Freschet. 2020. “Multiple facets of diversity effects on
plant productivity: Species richness, functional diversity, species identity and
intraspecific competition.” Functional Ecology 34(1): 287-298. doi.org/10.1111/1365-
2435.13473

Malkinson, D., and K. Tielborger. 2010. “What does the stress-gradient hypothesis predict?
Resolving the discrepancies.” Oikos 119(10): 1546-1552. doi.org/10.1111/j.1600-
0706.2010.18375.x

Monaco, T.A., J.M. Mangold, B.A. Mealor, R.D. Mealor, and C.S. Brown. 2017. “Downy brome
control and impacts on perennial grass abundance: a systematic review spanning 64
years.” Rangeland Ecology & Management 70(3): 396-404.

doi.org/10.1016/j.rama.2016.09.008


https://doi.org/10.1111/rec.13260
https://doi.org/10.1371/journal.pone.0004010
https://doi.org/10.1111/j.1365-2745.2008.01476.x
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.1111/j.1600-0706.2010.18375.x
https://doi.org/10.1111/j.1600-0706.2010.18375.x

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

Moore, J.L., N. Mouquet, J.H. Lawton, and M. Loreau. 2001. “Coexistence, saturation, and
invasion resistance in simulated plant assemblages.” Oikos 94(2): 303-314.
doi.org/10.1034/.1600-0706.2001.940211.x

National Academies of Sciences, Engineering, and Medicine (NASEM). 2023. An Assessment of
Native Seed Needs and the Capacity for Their Supply: Final Report. Washington, DC:
The National Academies Press. doi.org/10.17226/26618.

Oduor, A.M. 2013. “Evolutionary responses of native plant species to invasive plants: a review.”
New Phytologist 200(4): 986-992. doi.org/10.1111/nph.12429

Peng, S., N.L. Kinlock, J. Gurevitch, and S. Peng. 2019. “Correlation of native and exotic
species richness: a global meta-analysis finds no invasion paradox across scales.”
Ecology 100(1): €02552. doi.org/10.1002/ecy.2552

PRISM Climate Group. 2004. “PRISM Data Explorer. ” Oregon State University:
prism.oregonstate.edu

R Core Team. 2024. “R: a language and environment for statistical computing.” R Foundation
for Statistical Computing, Vienna, Austria. Available at: www.R-project.org/. Last
accessed 6 Jan. 2025.

Shackelford, N., G.B. Paterno, D.E. Winkler, T.E. Erickson, E.A. Leger, L.N. Svejcar, M.F.
Breed, et al. 2021. “Drivers of seedling establishment success in dryland restoration
efforts.” Nature Ecology & Evolution 5(9): 1283-1290. doi.org/10.1038/s41559-021-
01510-3

Siefert, A., C. Violle, L. Chalmandrier, C.H. Albert, A. Taudiere, A. Fajardo, L.W. Aarssen, et
al. 2015. “A global meta-analysis of the relative extent of intraspecific trait variation in

plant communities.” Ecology Letters 18(12): 1406-1419. doi.org/10.1111/ele.12508


https://doi.org/10.1034/j.1600-0706.2001.940211.x
https://doi.org/10.1111/nph.12429
https://doi.org/10.1002/ecy.2552
https://doi.org/10.1111/ele.12508

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

Silvertown, J. 2004. “Plant coexistence and the niche.” Trends in Ecology & Evolution 19(11):
605-611. doi.org/10.1016/j.tree.2004.09.003

Silvertown, J., Y. Araya, and D. Gowing. 2015. “Hydrological niches in terrestrial plant
communities: a review.” Journal of Ecology 103(1): 93-108. doi.org/10.1111/1365-
2745.12332

Soil Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture. Web Soil Survey. websoilsurvey.sc.egov.usda.gov. Accessed [June 10,
2021].

Tilman, D., F. Isbell, and J.M. Cowles. 2014. “Biodiversity and ecosystem functioning.” Annual
Review of Ecology, Evolution, and Systematics 45: 471-493. doi.org/10.1146/annurev-
ecolsys-120213-091917

Urza, A.K., P.J. Weisberg, J.C. Chambers, and B.W. Sullivan. 2019. “Shrub facilitation of tree
establishment varies with ontogenetic stage across environmental gradients.” New
Phytologist 223(4): 1795-1808. doi.org/10.1111/nph.15957

US Geological Survey. 2019. 3D Elevation Program I-Meter Resolution Digital Elevation
Model. Accessed June 10, 2021 at URL: usgs.gov/core-science-systems/ngp/3dep/data-
tools

van Moorsel, S.J., T. Hahl, C. Wagg, G.B. De Deyn, D.F. Flynn, D. Zuppinger-Dingley, and B.
Schmid. 2018. “Community evolution increases plant productivity at low
diversity.” Ecology Letters 21(1): 128-137. doi.org/10.1111/ele.12879

van Moorsel, S.J., M.W. Schmid, N.C. Wagemaker, T. van Gurp, B. Schmid, and P. Vergeer.
2019. “Evidence for rapid evolution in a grassland biodiversity experiment.” Molecular

Ecology 28(17): 4097-4117. doi.org/10.1111/mec.15191


https://doi.org/10.1016/j.tree.2004.09.003
https://doi.org/10.1111/1365-2745.12332
https://doi.org/10.1111/1365-2745.12332
http://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1111/nph.15957
https://www.usgs.gov/core-science-systems/ngp/3dep/data-tools
https://www.usgs.gov/core-science-systems/ngp/3dep/data-tools
https://doi.org/10.1111/ele.12879
https://doi.org/10.1111/mec.15191

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

van Moorsel, S.J., T. Hahl, O.L. Petchey, A. Ebeling, N. Eisenhauer, B. Schmid, and C. Wagg.
2021. “Co-occurrence history increases ecosystem stability and resilience in experimental
plant communities.” Ecology 102(1): €03205. doi.org/10.1002/ecy.3205

Wagner, M., S. Hulmes, L. Hulmes, J.W. Redhead, M. Nowakowski, and R.F. Pywell. 2021.
“Green hay transfer for grassland restoration: species capture and establishment.”
Restoration Ecology 29: €13259. doi.org/10.1111/rec.13259
Westerband, A.C., J.L. Funk, and K.E. Barton. 2021a. “Intraspecific trait variation in
plants: a renewed focus on its role in ecological processes.” Annals of Botany 127(4):
397-410. doi.org/10.1093/aob/mcab011
Westerband, A.C., T.M. Knight, and K.E. Barton. 2021b. “Intraspecific trait variation and
reversals of trait strategies across key climate gradients in native Hawaiian plants and
non-native invaders.” Annals of Botany 127(4): 553-564. doi.org/10.1093/aob/mcaa050

Whitham, T.G., G.J. Allan, H.F. Cooper, and S.M. Shuster. 2020. “Intraspecific genetic variation
and species interactions contribute to community evolution.” Annual Review of Ecology,
Evolution, and Systematics 51: 587-612. doi.org/10.1146/annurev-ecolsys-011720-
123655

Zaiats, A., M.J. Germino, M.D. Serpe, B.A. Richardson, and T.T. Caughlin. 2021. “Intraspecific
variation mediates density dependence in a genetically diverse plant species.” Ecology
102(11): €03502. doi.org/10.1002/ecy.3502

Zuppinger-Dingley, D., B. Schmid, J.S. Petermann, V. Yadav, G.B. De Deyn, and D.F. Flynn.
2014. “Selection for niche differentiation in plant communities increases biodiversity

effects.” Nature 515(7525): 108-111. doi.org/10.1038/nature13869


https://doi.org/10.1002/ecy.3205
https://doi.org/10.1111/rec.13259
https://doi.org/10.1093/aob/mcab011
https://doi.org/10.1093/aob/mcaa050
https://doi.org/10.1146/annurev-ecolsys-011720-123655
https://doi.org/10.1146/annurev-ecolsys-011720-123655
https://doi.org/10.1002/ecy.3502

684

685

686

687

688

689

690

691

Tables

Table 1. Differences among origin types, either allopatric or sympatric, and communities nested
within origin types for the sum (total of all plants in each mesocosm) and CV (variation in each
response among plants in each mesocosm) for each response variable. Values reported are from
linear regression models, and include the degrees of freedom, a coefficient estimate for the effect
of allopatry compared to sympatry, F-test statistics, and the significance of differences; p values

<0.05 are in bold.
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Figures

Figure 1. Hypothesized mechanisms for community-level outcomes based on whether founding
plant communities are sourced from allopatric or sympatric collection locations, with
expectations varying based on resource availability. Belowground differentiation in root
morphology is used as an example trait, though any trait or combination of traits could apply.
Similarly, susceptibility to invasion is the community response, though other responses could be
included (productivity, growing duration, etc.). In high-resource environments, strong biotic
interactions lead to greater niche differentiation, enabling sympatric communities to capture
belowground resources more effectively and reduce resource availability for invasive species,
conferring an advantage during community re-assembly if sympatry is maintained. In contrast, in
low-resource environments, abiotic filters have a greater effect on plant fitness, leading to
convergence in adaptive traits among native species, since similar traits are required to access
limited resources. Thus, when establishing communities after disturbance in these low-resource
settings, allopatric communities have greater trait variation and potential for resource uptake,
reducing the available resources for invasive species. Over time, in undisturbed conditions, these
allopatric communities may undergo selection for trait convergence, but there is a potential

advantage of allopatry in the initial community assembly stage when abiotic filters dominate.
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Figure 2. (a) Fifteen sites (yellow circles) where seeds were collected for all four species used in
these experiments, and the location of mesocosms (green triangle). (b-e) Overall differences
among allopatric and sympatric communities in volume, survival, and invasion resistance. Native
plant size is represented by total plant volume (1 x w x h) in the (b) first and (c) second growing
season. Overall mortality (d) of native plants in each mesocosm is shown along with (e) B.
tectorum aboveground biomass from invaded mesocosms. Box plots indicate medians, first to

third quartiles, and outliers shown as black points.
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Figure 3. Differences among unique allopatric (A) and sympatric (S) communities ordered by
rank in volume, survival, and invasion resistance. Native plant size is represented by total plant
volume (1 x w x h) in the (a) first and (b) second growing season; note the change in y axis scale.
Overall mortality (c) of all native plants in each mesocosm is shown along with (d) B. tectorum
aboveground biomass from invaded mesocosms, (¢) the number of inflorescences in the second
growing season, and (f) the number of green days. Box plots indicate medians, first to third
quartiles, and outliers shown as black points; specific source populations included in each

community are in Table S2.
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729  Figure 4: Influence of seedling and environmental variables across both allopatric and sympatric
730  communities on (A) volume in the first growing season, (B) B. tectorum biomass, (C) number of
731 inflorescences in the second growing season, and (D) number of green days in the first growing
732  season. Variables shown are the top ten most important traits as measured by the percent increase
733 in MSE calculated using Random Forest with 10,000 trees, along with the total percent variance
734  explained.
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Figure 5. Path diagram illustrating coefficients estimated in structural equation model predicting
B. tectorum biomass from plant measurements within mesocosms. Plants include A. tridentata
(ARTR), Elymus spp. (ELYMU), E. thurberiana (ERTH), and P. secunda (POSE), with
measurements taken pre-invasion (the first growing season, S1) and post-invasion (the second
growing season, S2). A single characteristic was selected among measures of size (volume),
number of inflorescences (inflors.) or phenology (number of green days; green), and in-box
numbers show corresponding R? values. Negative effects are indicated by red lines, and positive
effects by black lines; width of lines is scaled to the magnitude of the coefficients, which are
shown alongside arrows. Scatterplots are semi-partial plots showing example relationships
between a native plant characteristic and B. fectorum biomass, with the y-axis adjusted for other
variables included in the SEM. The x-axis has no such adjustment. Photos correspond to the
scatterplot above. Photo credits: 4. tridentata, Shannon Swim; Elymus spp. and E. thurberiana,

Elizabeth Leger.
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