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ABSTRACT

Premise

Digitized collections can help illuminate the mechanisms behind establishment and
spread of invasive plants. These databases provide a record of traits in space and time

allowing the investigation of abiotic and biotic factors influencing invasive species.
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Methods

Over 1,100 digitized herbarium records were examined to investigate invasion history
and trait variation of Microstegium vimineum. Presence-absence of awns was investigated
to quantify geographic patterns of this polymorphic trait, which serves several functions
in grasses including diaspore burial and dispersal to germination sites. Floret traits were
further quantified, and genomic analyses of contemporary samples conducted to
investigate the history of introduction and spread into North America.

Key Results

Herbarium records revealed similar patterns of awn polymorphism in native and invaded
ranges of M. vimineum, with awned forms predominating at higher latitudes and awnless
forms at lower latitudes. Herbarium records and genomic data suggested initial
introduction and spread of the awnless form in the southeastern US followed by a
putative secondary invasion and spread of the awned form from eastern Pennsylvania.
Awned forms have longer florets and floret size varies significantly with latitude. There
is evidence of a ‘transition zone’ with short-awned specimens at mid-latitudes. Genomic
analyses revealed two distinct clusters corresponding to awnless and awned forms, with
evidence of admixture.

Conclusions

Our results demonstrate the power of herbarium data to elucidate the invasion history of a
problematic weed in North America, and together with genomic data, reveal a possible
key trait in introduction success: presence or absence of an awn.
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INTRODUCTION

Invasive species cause billions of dollars in damage to natural, agricultural, and urban
systems globally, and together with habitat destruction, represent significant threats to
biodiversity further intensified by globalization and climate change (Simberloff et al.,
2013). Yet, the causes for invasion success in some species and not others remain an area
of intense study (Jeschke and Heger, 2018; Enders and Jeschke, 2018; Enders et al.,
2018; Dai et al. 2020; Enders et al., 2020). While recent introductions provide ideal
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opportunities to evaluate the mechanisms behind invasion success in situ, established or
naturalized invasive species present more of a challenge. Digitized museum collections
provide evidence toward a solution, representing powerful tools to broadly study ecology,
evolution, systematics, pathology, biogeography, climate change, and invasions (Page et
al., 2015; Guralnick et al., 2016; Besnard et al., 2018; McAllister et al., 2018; Borges et
al., 2020; Sutherland et al., 2021; Heberling, 2022). Such studies have been facilitated by
recent efforts to integrate collections from thousands of institutions into centralized,
searchable image databases (e.g. Beaman and Cellinese 2012; Ko6nig et al., 2019;
Heberling et al., 2020). Consolidated herbarium databases are particularly informative for
studies of invasive plant species, allowing an approximation over time and space of
introduction history, rate of spread, phenotypic plasticity, and rapid evolution of traits
implicated in their invasion success (Crawford and Hoagland 2009; Marisco et al., 2010;
Gallinat et al., 2018). In the absence of direct experimental evidence, digitized specimens
allow broad-scale comparison of similarities or differences in patterns of trait variation
among populations between the native and invasive ranges (e.g. morphology, phenology,
ecological interactions), as well as the timing of invasion, changes in abundance over
time, associations with topography and land use, and overall consequences for
biodiversity (e.g. Buswell et al. 2011, Hodgkins and Rieseberg, 2011).

Grasses (family Poaceae) are among the most important plants on Earth from economic
and ecological perspectives (Linder et al., 2018), and are substantially overrepresented
among invasive plant species in both agricultural and natural habitats (Daehler, 1998;
Kerns et al., 2020). Invasive grasses pose serious threats to natural, agricultural, and
populated areas, and have been described as ecosystem engineers capable of altering
ecosystem processes including fire regimes, moisture availability, and community
dynamics (D’ Antonio and Vitousek, 1992; D’ Antonio et al., 2017; Fusco et al., 2019,
Kerns et al., 2020).

One trait thought to be a key driver of ecological and evolutionary success in grasses is
the awn (Humphreys et al., 2011; Linder et al., 2018; McAllister et al., 2018). These
bristle-like extensions of the florets perform a range of functions, for example, in
photosynthesis, water stress, dispersal, deterrence of herbivory, and ‘burial syndrome’

(Humphreys et al., 2011; Cavanaugh et al., 2019; Ntakirutimana and Xie, 2020;
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Cavanaugh et al., 2020). ‘Burial syndrome’ relies on a suite of features that assists the
diaspore into the soil and increases germination and survival, including a geniculate (bent
or twisted) awn morphology (Fig. 1a). These geniculate awns demonstrate hygroscopic
ability and are sensitive to fluctuations in moisture, changing shape, and moving due to
the absorption of water. Increased humidity causes the awn to straighten (Fig. 1a-c), and
as the awn dries and curls, it drills the diaspore downward, entrapping it in the substrate
(Peart, 1979; 1981; Peart and Clifford, 1987; Chambers and MacMahon, 1994;
Chambers, 1995; Garnier and Dajoz, 2001). This capability can also propel the diaspores
across the surface of the substrate, providing a means of dispersal from dry to moist
microsites (Cavanaugh et al. 2020).

Awn morphology has played an important role in grass taxonomy (Hitchcock, 1950;
Watson and Dallwitz, 2012; Kellogg, 2015). The presence of awned florets is variable
across Poaceae, and can be polymorphic within species. One such species that displays a
presence-absence polymorphism of the awn is Microstegium vimineum (Trin.) A. Camus
(stiltgrass; Fig. 1), which is native to eastern Asia and highly invasive in eastern North
America (Fairbrothers and Gray, 1972; Chen et al., 2007). This annual, C4 grass has
become one of the most problematic invaders in eastern North America and is thought to
have been introduced as dried packing material in porcelain shipments from Asia (Tu,
2000). It has a mixed mating system, with terminal chasmogamous inflorescences (wind-
pollinated) and axillary, cleistogamous inflorescences (self-pollinated), allowing
production of up to 1,000 seeds per plant (Huebner, 2003; Cheplick, 2005). First
collected in Knoxville, Tennessee, US, in 1919, it has spread over the last century to 30
US states and southern Canada (Fairbrothers and Gray, 1972; EDDMapsS, 2021).
Numerous studies have been conducted on the ecological impacts of M. vimineum in the
past two decades (e.g. MacGrath et al., 2009; Baker and Dyer, 2010; Flory and Clay,
2010; Huebner, 2010a, b; Rauschert et al., 2010; Barfknecht et al., 2020), yet a
comprehensive analysis of its invasion history in eastern North America is lacking.
Currently, little is understood about geographic patterns of awn polymorphism in the
native and invasive ranges and the eco-evolutionary implications of its presence or

absence.
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We examined >1,100 digitized herbarium records from Asian and US databases to
investigate the invasion history and broad-scale geographic patterns of awn
polymorphism in M. vimineum. Patterns derived from these data represent a crucial,
initial step in determining what adaptive significance this trait may have and its potential
role in facilitating the establishment and spread of this invasive grass in eastern North
America. Further, we included field collections from 31 US populations across the
invasive range for genomic analyses, in order to corroborate patterns from digitized
records. Our objectives were to investigate the relationships between geography
(specifically latitude) and awn polymorphism in M. vimineum to: 1) reconstruct the
invasion history in the US, 2) compare broad-scale geographic patterns of the frequency
of awned and awnless forms in Asia vs. the US, 3) determine if transition zones reveal
intermediate awn types, 4) quantify relationships between awn and floret measurements
(e.g. awn length, floret length/width, awn bending), 5) compare the abiotic climate
conditions that may contribute to the maintenance of awned and awnless forms, and 6)
characterize genomic variation and patterns of genetic distinctness among awnless and
awned forms in the invasive range.
MATERIALS AND METHODS

Awn data from digitized herbarium sheets
Awn presence/absence data were obtained from several digitized collections databases.
For the US, herbarium records with images were searched via the Southeastern Regional
Network of Expertise and Collections (SERNEC; https://sernecportal.org/portal).
SERNEC comprises digitized collections from 233 herbaria in 14 US states, and further
links to several other such consortia. Other searches were conducted using the C. V. Starr
Virtual Herbarium (New York Botanical Garden, NY; http://sweetgum.nybg.org), the
Smithsonian US National Herbarium (US; https://collections.nmnh.si.edu), and the Ohio
State University Herbarium (OS; https://herbarium.osu.edu). Any data that were
unavailable in the databases were transcribed from the image of the specimen label.
Many specimens without latitude, longitude, or elevation data were georeferenced from
the locality information provided, using Google Maps (www.maps.google.com); vague
localities that could not be recorded with high confidence (viz. within 1 km) were

excluded. Awn presence/absence was determined by examining the high-resolution
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image of each specimen. Non-flowering specimens, misidentified specimens, and
specimens for which awn presence-absence could not be determined with confidence
were excluded.
The Chinese Virtual Herbarium (CVH) was searched for the majority of Asian specimens
(https://www.cvh.ac.cn); the CVH is a consortium of over 100 Chinese herbaria
containing over five million digitized specimens. Additional digitized specimens were
obtained via the Global Biodiversity Information Facility (GBIF, https://www.gbif.org;
https://doi.org/10.15468/dl.caar7n), the Herbarium of National Taiwan University (TAI;
https://tai2.ntu.edu.tw), the Kagoshima (Japan) University Museum Database (KAG;
https://www.museum.kagoshima-u.ac.jp), and the Moscow State University (Russia)
Herbarium (MW; https://plant.depo.msu.ru). GPS coordinates and locality information
could not be obtained reliably from most Asian records, due to a lack of locality
information or language barriers on hand-written specimen labels. Therefore, Provincial
or Regional centroids were used, and awn presence-absence data were summarized as the
proportion of specimens with awns present from a particular Province/Region/State. All
Russian records were centered closely around Sochi (Caucasus) and Vladivostok (eastern
Siberia), so coordinates for those respective cities were used. Centroids were also
recovered for US states, to allow direct comparison of Asian and US specimen data.
While centroids obviously provide lower spatial resolution than georeferenced specimen
coordinates, they allow for broad-scale, grouped comparisons of awn presence-absence
by region. Centroids were obtained via the R package ‘rworldmap’ v.1.3.6 (South, 2011).
All subsequent data processing and analyses were conducted in R (R Core Team, 2020).
Records were filtered for incomplete data, keeping only unique records (removal of
duplicates), using ‘tidyverse’ v.1.3.1 (Wickham et al., 2019) and ‘dplyr’ v.1.0.7
(Wickham et al., 2020). Data were then grouped in ‘tidyverse’ by State (US, India),
Province (China), Region (Japan), or Island (Philippines, Sumatra, Taiwan).

Spatial distribution of awned and awnless records
Base maps for the eastern US and eastern Asia were generated in ‘rworldmap.’ The
proportion of awned specimens per region and latitude/longitude centroids were specified
as a data frame object in R, and pie graphs were placed on maps using the ‘mapPies’

function in ‘rworldmap,’ Plots of the proportion of awned specimens vs. latitude were
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generated with ‘ggplot2’ v.3.3.5 (Wickham et al., 2016). Least-squares regression of the
proportions of awned specimens vs. latitude (i.e. centroid latitude for each region) for
Asian and US records was conducted in R. Asian and US specimens were treated
separately to allow comparison of patterns between the native and invasive ranges.
Climate variables and awned forms in the US
In order to address the relationship between the presence-absence of awns and abiotic
climate variation in the invasive range, we used publicly available data from WorldClim
(https://www.worldclim.org/). The R libraries ‘raster’ v.3.5.2 and ‘sp’ v.1.4.5 (Pebesma
and Bivand, 2005; Hijmans, 2020) were used to download data for the 19 BIOCLIM
variables corresponding to GPS latitude/longitude data for all US specimens at 10 km
resolution. In order to mitigate the potentially confounding effects of climate change over
the past century, only specimens collected in the year 2000 onward were included,
leaving a total of 207 records. The resulting data were subjected to Principal Components
Analysis (PCA) in PAST v.4 (Hammer et al., 2001) employing a correlation matrix to
account for different scales of the variables. A ‘broken stick’ analysis was applied to the
Principal Components to determine the number of PC axes contributing significantly to
the total variance in the dataset. The PCA was conducted using: 1) all BIOCLIM
variables (n = 19), 2) temperature-related variables only (n = 11), and precipitation-
related variables only (n = 8). Nonparametric Multivariate Analysis of Variance
(NPMANOVA) was used to test for significant differences in BIOCLIM multivariate
space among awned and awnless forms in PAST v.4. PCA loading scores were then
exported from PAST and merged with the awn data frame in R. We used logistic
regression to test the association between abiotic climate variables and awn presence-
absence. Logistic regression was conducted in R among US records, regressing awn
presence-absence as a binary response variable on the first principal component for
temperature variables, precipitation variables, all BIOCLIM variables, and a model
including temperature and precipitation with their interaction term. The model with the
lowest Akaike Information Criterion score was used to predict the probability of being

awned.
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Mapping the invasion history of M. vimineum
Awn data from US specimens were used to create an animated.gif of invasion history
using the R packages ‘rgbif” v.3.6.0, ‘ggplot2’, ‘tidyverse’, ‘gganimate’ v.1.0.7,
‘ggthemes’ v.4.2.0, ‘sf* v.0.9.5, ‘tools’ v.4.0.2, ‘maps’ v.3.3.0, ‘rnaturalearth’ v.0.1.0, and
‘rnaturalearthdata’ v.0.1.0 (Wickham et al., 2016; South, 2017a; 2017b; Pebesma, 2018;
Chamberlain et al., 2020; Pedersen et al., 2020). The initial, filtered dataset was used for
the animation, specifying the year collected as an integer to sequentially display the
specimen data over time, beginning in 1919 and ending in 2019. An optional feature was
added to query GBIF records in the R animation script using ‘rgbif,” allowing
reconstruction of the invasion history of any organism based on preserved records,
observations, surveys, etc. The package ‘gganimate’ was used to produce the final
animated figure. We also created a static representation of invasion history at six, roughly
15-year intervals: 1919-1935, 1936-1950, 1951-1965, 1966-1980, 1981-1995, and 1996-
2020. Maps of awned and awnless records were plotted for each time interval with
‘rworldmap,” ‘ggplot2,” and summarized with ‘ggpubr’ v.0.4.0 (Kassambra, 2020).
Lastly, invasion curves were generated for awnless and awned forms in ‘ggplot2’ using
the cumulative summary function (‘cumsum’), plotting unique localities over time, with
the cumulative number of unique localities binned by year. R code is available at
https://rpubs.com/cfb0001/771973.

Floret size, awn length, and intermediate forms
A subset of the US specimens was analyzed more closely to investigate patterns of floret
size and awn length variation along a latitudinal ‘transect’ from Mississippi to New York
(n =73 total specimens examined). Specifically, forms were sought that displayed
intermediate awn morphology between that of the awnless form and forms with long,
exserted, geniculate awns. Only records with GPS coordinates and sufficient image
resolution were chosen to minimize geographical uncertainty as well as error in
measurements. Further, specimens were excluded in which multiple plants were present
for a specimen and could not be differentiated. Only florets from a single plant were
measured per record, with efforts made to measure florets from different inflorescences
where possible, choosing the floret from the basal-most spikelet per raceme. Florets and

awns were measured digitally with the ImageJ v.2 software (Rueden et al., 2017),
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calibrating the number of pixels to 1.00 cm on the ruler provided for each specimen
image. Measurements were taken from five florets per record, selected from racemes
distributed along the length of the inflorescence, and only choosing florets that were
clearly visible in their entirety. Four features were measured: 1) floret length (i.e. length
of the upper lemma, excluding the awn); 2) total floret width at widest point; 3) length of
the awn from point of emergence from the floret; and 4) angle of the geniculate awn,
from 0-90°, where zero bending = 0° and full bending = 90°. Angle of awn bending was
measured using the angle tool in ImageJ, approximated to the nearest 15° increment. All
response variables as well as latitude were log;o transformed to mitigate the positive skew
in the data. Relationships between latitude, awn type (awnless, short-awned, and long-
awned; wherein ‘long-awned’ was determined by awns equal to or greater than the length
of the floret) and floret measurements were calculated using a Generalized Linear Mixed-
Model in R in the package ‘lme4’ (‘glmer’ function; Bates et al., 2015), accounting for
non-independence among the five floret measurements per accession by treating these as
a random effect. Tukey-corrected pairwise comparisons were conducted using the R
package ‘multcomp’ (Hothorn et al., 2008). R code for all analyses is available at
https://github.com/barrettlab/ Awns-manuscript-R-code/wiki.

Genomic analyses of contemporary US collections
To assess broad-scale patterns of genetic relationships and population structure in M.
vimineum across the invasive range, we sampled 51 individuals (Appendix S1, see the
Supplementary Data with this article) from 31 localities. We used the CTAB method for
DNA extraction (Doyle and Doyle, 1987) from 0.2 g silica-dried leaf tissue, one
individual serving as a voucher from each locality. We used a recently developed
protocol based on sequencing of inter-simple sequence repeat amplicons (ISSR-seq; Sinn,
Simon et al., 2021). Briefly, gDNAs were quantified via Qubit Broad Range dsDNA
assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and diluted to 20 ng/ul
for amplification using four ISSR motifs in multiplex from UBC set #9 primers 848
[(CA)sRG], 857 [(AC)sYG], 868 [(GAA)s], and 873 [(GACA)4]. PCR reactions, library
preparation, and Illumina NextSeq. 2000 sequencing (v3 chemistry, 2x100 bp paired end

reads) were conducted as in Sinn, Simon, et al. (2021).
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Barcoded read sets for each individual were run through a custom pipeline
(https://github.com/btsinn/ISSRseq), which comprises a set of UNIX bash scripts to
assemble a pseudoreference, clean and map reads to the reference, and call variants
following Sinn, Simon, et al. (2021). The resulting filtered.vcf file was used in
downstream analyses. Additionally, ANGSD (Korneliussen et al., 2014) was used to
estimate genotype likelihoods from the ‘HaplotypeCaller’.bam files produced by GATK
(parameters: -GL 1 -nThreads 20 -doGlf 2 -doMajorMinor 1 -doMaf 2 -SNP_pval 2e-6).
The R package ‘phrynomics’ was used to further filter the called variants, removing
uninformative variants for downstream analysis
(https://github.com/bbanbury/phrynomics-data). Relationships among individuals were
estimated with SVDQuartets (Chifman and Kubatko, 2014; 2015), under a coalescent
model and using all quartets, with 1,000 bootstrap replicates to assess branch support.
The.vcf file was thinned to a single variant per locus with vcftools (-thin 3000 option,
which is longer than the longest amplicon locus), to account for linkage among sites
within loci, and converted to STRUCTURE format with PDGSpider (Lischer and
Excoffier, 2012). Ancestry coefficients and group membership were estimated using
parallelSTRUCTURE v.1.0 via the CIPRES Gateway (Miller et al., 2010), with K = 1-5,
specifying 200,000 steps and the same number as burn-in (Besnier and Glover, 2013).
Each run was replicated 10 times for each value of K, specifying the admixture model,
without specifying population origin as a prior. StructureHarvester (Dent and vonHoldt,
2012) was used to estimate the optimal number of clusters using the ‘delta K’ method
(Evanno et al. 2005). Clumpak (http://clumpak.tau.ac.il) was used to summarize results.
Lastly, the ANGSD software v.0.935 was used to output pairwise distances between
individuals based on genotype likelihoods (IBS matrix) and subjected to nonmetric
multidimensional scaling (NMDS) to identify groupings among the accessions using the
R package ‘vegan’ v.2.4-2 (‘metaMDS’ function; Oskasen et al., 2020).
RESULTS

Awn data from digitized herbarium records
A total of 1,145 specimen records remained after filtering records from a total of 2,913
available records, with 484 from Asia and 661 from the US (Appendix S2). In total, 717

were determined to be awnless, while 428 were awned, representing an overall proportion
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of awned records to be 0.374. The proportion of awned records from Asia was 0.417,
while the proportion from the US was 0.342.

Spatial distribution of awned and awnless proportions
In Asia, both awned and awnless records occur at low- and mid-latitudes (i.e. 0-40
degrees N), while awned records predominate above 40 degrees North latitude (Fig. 2).
Records from northern China, northern Japan, Siberia, and the Caucasus are
predominantly awned, representing the northernmost records in Asia. In the US (Fig. 3),
there is a sharp latitudinal transition from predominantly awnless forms in the South (e.g.
Alabama, Florida, Georgia, South Carolina, Tennessee) to awned forms in northern states
(e.g. Massachusetts, New York, New Jersey, Pennsylvania). At mid-latitudes, e.g.,
Maryland, Ohio, Virginia, West Virginia, and North Carolina, there are various
proportions of both forms.
Unweighted regressions revealed a significant, positive relationship between the
proportion of awned specimens and latitude in both Asia (Table 1; Adjusted R*=0.135,p
<0.05) and the US (Table 1; Adjusted R* = 0.563, p < 0.01). Further regressions of the
proportion of awned specimens and latitude—weighted by sample sizes from each
centroid—were also significant and positive for US (Table 1; Adjusted R*=0.673,p <
0.01) and Asian records (Table 1; Adjusted R* = 0.284, p < 0.01). Overall there was a
stronger positive relationship between the proportion of awned records and increasing
latitude in the US, regardless of weighting, compared to Asian records.

Climate variables and awned forms in the US
Most BIOCLIM temperature variables had significant, negative correlations with latitude
(Appendix S3), while Temperature Annual Range and Temperature Seasonality had
significant, positive correlations (Pearson’s r = 0.74 and 0.90, respectively; p < 0.001 for
both). All precipitation variables were negatively correlated with latitude (p < 0.01 in all
cases; Appendix S3). Principal Components Analysis of 19 BIOCLIM variables (US
records only, post-2000) revealed that the first PC axis explained the majority of overall
abiotic climate variation (Fig. 3; Appendix S4). This was also the case when analyzing
temperature only (PC1 = 66.96%) and precipitation only (PC1 = 63.27%). One-way,
nonparametric multivariate analysis of variance (NPMANOVA) revealed significant

differences in multivariate climate space for awned and awnless US records (F =395.5, p
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<0.0001). Logistic regression revealed a negative correlation between both temperature
and precipitation and the proportion of awned individuals (p < 0.01 in both cases; Table
2; Fig. 3). Of the four models tested (temperature only, precipitation only, all BIOCLIM
variables, and temperature X precipitation with interaction), the temperature x
precipitation interaction model had the lowest Akaike Information Criterion score
(119.953; Table 2). Both temperature and precipitation, and their interaction, were highly
significant (p < 0.01). This model correctly classified the probability of being awned vs.
awnless in 87.4% of cases.

Mapping the invasion history of M. vimineum
Animation 1 and Fig. 4 show the spread of M. vimineum in the eastern US, based on
digital herbarium records (Animation 1, https://rpubs.com/ctb0001/771973). The first
records of the invasion were of the awnless form, which appeared in 1919 (Knox County,
Tennessee), followed by a gap in collections until 1931, when it was collected in Harlan
County, Kentucky and Prince George’s County, Virginia. By the late 1930s, the awnless
form had spread to North Carolina, South Carolina, Georgia, northern Alabama,
Kentucky, and southern Ohio. By 1950, it had spread throughout much of Kentucky,
Virginia, Ohio, North Carolina, South Carolina, Georgia, and Alabama, while the awned
form was restricted to eastern Pennsylvania, New Jersey, and with a single record in
Virginia. By 1980, the awnless form had spread as far west as Arkansas and Louisiana,
while the awned form had spread to Maryland, West Virginia, and North Carolina. The
first awned records appeared in Berks County, eastern Pennsylvania, in 1938.
Interestingly, awned records appeared to have remained concentrated in eastern
Pennsylvania and New Jersey from the 1930s until the 1960s, with a few scattered
records outside the region during this time period. By 1995, the awned form had spread
to Connecticut, Massachusetts, eastern New York, and western Pennsylvania, and by
2020, it was present throughout much of Pennsylvania and southern New England, and as
far west as Indiana. Invasion curve reconstructions (Fig. 4g) reveal apparent lag phases
for both the awnless and awned forms, followed by linear expansion phases, representing
spread from the points of origin. There is no apparent ‘plateau phase’ for either the awned

or awnless form, suggesting continued invasive-range expansion to date.
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Floret size, awn length, and intermediate forms
Investigation of 73 US records along a latitudinal gradient from Mississippi to New York
revealed the presence of ‘intermediate,” short-awned forms, between approximately
37°and 41° N latitude (Fig. 5). Short-awned records had a mean awn length of 0.169 cm
(S.D. =0.042 cm, range = 0.10-0.29 cm), whereas longer-awned records had a mean awn
length of 0.464 cm (S.D. = 0.096, range = 0.27-0.89 cm). Table 3 summarizes the results
of Generalized Linear Mixed models comparing floret and awn measurements. Awn
lengths were significantly different among short-awned and long-awned records (Pseudo-
R”=0.88, p <0.001). Notably, these intermediate-awned records appeared within a
latitudinal ‘transition zone’ of overlap between awned and awnless records but were not
observed outside of this zone of overlap (Fig. 5). The intermediate, short-awned records
further displayed lower values of awn bending (i.e. awn angle) than those with longer
awns (Fig. 5b; Pseudo-R? = 0.35, p < 0.001), but this did not vary significantly with
latitude when awnless records were removed from the analysis. Floret length (i.e. lemma
length, excluding the awn) displayed a positive relationship with latitude (Fig. 5c;
Pseudo-R* = 0.65, p < 0.05), whereas floret width did not vary significantly with latitude.
The length ratio of awns to florets (considering only awned records) further emphasized
the presence of a transition zone between awned and awnless records (Fig. 5e). On
average, awned records had significantly longer florets than awnless records, excluding
the awn itself from measurements (p < 0.001). Specifically, the ‘long’ awned records had
significantly longer florets than the short-awned or awnless records (p < 0.001; Tukey
HSD p <0.05 and p < 0.001, respectively), but short-awned records did not differ
significantly in floret length from awnless records (Tukey HSD, p = 0.494).

Genomic relationships and population structure in the invasive range
Sequencing of ISSR amplicons yielded 4,714 final, called variants after conservative
processing and filtering with GATK for 51 accessions from 31 localities (Appendix S5).
After filtering non-parsimony-informative variants, 1,565 variants remained for
phylogenetic analysis. Phylogenetic analysis in SVDQuartets under a coalescent model
showed overall strong support (all branches had bootstrap values of 100), with two
clearly defined clades corresponding to awned and awnless forms (Fig. 6a). One awnless

accession from western North Carolina, US (NC SP 2-6) grouped closely with awned
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accessions from Ohio and New York, US, but otherwise all awned and awnless
accessions grouped together correspondingly. The NMDS plot (Fig. 6b) based on a
distance matrix from genotype likelihoods for 39,198 variants yielded a similar overall
pattern to the phylogenetic analysis, with awned and awnless accessions separated along
NMDS axis 1; again, the exception was accession NC SP 2-6 from North Carolina.
STRUCTURE analysis (Fig. 6¢) further supported these findings, with K=2 as the
optimal number of genomic clusters based on the ‘delta K’ method and the current
sampling of accessions (K =477.7; Appendix S6). Awned and awnless forms generally
comprised distinct clusters, though there was some evidence for admixture, with the
awnless NC SP 2-6 being a notable outlier. Specifically, there is limited evidence of
admixture among the more northern, awned accessions, and the more southern, awnless
accessions. A few awnless accessions from Kentucky, Illinois, Ohio, Virginia, and
Tennessee showed some evidence of mixed ancestry among the two clusters, while some
awned accessions from Pennsylvania, Virginia, New York, Ohio, Maryland, and West
Virginia displayed similar patterns of mixed ancestry.
DISCUSSION
By analyzing >1,100 digital herbarium records of the invasive Microstegium vimineum,
we were able to reconstruct the invasion history of this species in the US, detect evidence
of at least two putative invasions, demonstrate strikingly similar geographical patterns of
awn presence-absence polymorphism in the native and invasive ranges, and characterize
patterns of floret and awn variation along a latitudinal gradient. The inclusion of genomic
data from 51 contemporary samples demonstrates distinctness of awned and awnless
forms, with some evidence of admixture, and supports the hypothesis of multiple
introductions to the US. This study represents the most comprehensive use of digitized
collections data for M. vimineum to date, underscoring the importance of herbaria and
efforts to centralize digitized collections globally to begin to elucidate a plant’s invasive
success.

The potential role of awns in invasiveness of M. vimineum
Our data show a unique pattern of awn polymorphism, contributing to a novel hypothesis
for its adaptive role in burial at higher latitudes. Wiirschum et al. (2020) found evidence

of long and intermediate awn lengths in wheat at lower latitudes, and Li et al. (2015)
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found that awn mass was negatively correlated with latitude, the opposite of our findings
in M. vimineum, which they explain as either an adaptation to drier conditions or as
having been artificially selected by growers. Grundbacher (1963) suggested that awns in
more moist habitats may provide additional surface area for infection by soil-borne
pathogens, thus potentially explaining the lack of awns at lower latitudes where
precipitation is higher (Fig. 2). In the native grass Sorghastrum nutans (L.) Nash, shorter
awns were observed in the southeastern US, while intermediate or longer awns were
observed elsewhere, but the explanation for this pattern is unclear (Soper Gorden et al.,
2016). There has been a significant amount of research on the adaptive value of awns in
fire-prone regions, e.g. in African, Australian, and South American grasslands, with
respect to increased survival and burial depth (e.g. Garnier and Dajoz, 2001; Johnson and
Baruch, 2014). Individual diaspores with longer, hygroscopic awns typically have
superior ability to find safe sites and to bury deeper in the soil, especially those with
geniculate (twisted or bent) awns, thereby decreasing seed mortality (Cavanaugh et al.,
2020), though the type of substrate is also important (smaller soil particle size results in
greater burial depth; Molano-Flores 2012).

What then could explain the prevalence of awned forms in M. vimineum at higher
latitudes in Asia and the US (Fig. 2)? Fire does not appear to be a logical explanation for
the prevalence of awns in this species, as large fires are less frequent in the eastern US
relative to drier regions in the western US, and actually have a higher incidence in the
southeastern US (where awnless forms predominate) relative to the northeastern US and
upper Midwest (e.g. Rudis and Skinner, 1991; Munn et al., 2003, LANDFIRE, 2012). In
the US, precipitation differences between the Northeast and Southeast might explain this
pattern, but these differences in precipitation are not extreme (i.e. the latitudinal pattern in
precipitation is weaker than that for temperature; Appendix S3), and further, precipitation
is heterogeneous throughout the eastern US as a result of longitude, elevation, and other
factors (Peel et al., 2007).

One plausible hypothesis is that soil freezing may be a likely explanation for the north-
south pattern in awn presence-absence, putatively providing a mechanism for habitat
filtering post-introduction (sensu Weiher and Keddy, 1995). Though support in the

literature for this geographic pattern is limited, there is evidence of awns being used for
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seed burial in alpine systems and a greater likelihood of seeds with awns being found in
alpine seedbanks (Chambers, 1995; Welling et al., 2004). In addition, buried seed of the
awned grass Bromus setifolius var. pictus (Hook. f.) Skottsb. in a Pantagonian steppe
(temperatures average around 3°C) had greater survival as seedlings than unburied seed
(Rotundo and Aguiar 2004). Plants have evolved various mechanisms to survive freezing
temperatures at higher latitudes and altitudes (Ambroise et al., 2020). As an annual grass,
reliance upon mechanisms such as underground perennating organs is not applicable for
M. vimineum, which relies completely on recruitment from the seed bank (Gibson et al.,
2002; Redwood et al., 2018). Thus, to survive the more intense freezing cycles
experienced at higher latitudes, seeds or seed dispersal units must be adapted to survive
extreme conditions.

Alternatively, alleles associated with awn-formation may be linked to others that could
better explain the north-south latitude pattern. For instance, silica deposition genes or
their expression have been associated with awn development or expression (Peleg et al.,
2010; Yamaji et al., 2012; Ntakirutimana and Xie, 2019). Silica in plants is important for
structural support and defense against fungal pathogens and herbivory (Currie and Perry,
2007). Silica also slows plant tissue decomposition in some grasses (Miyake and
Takahashi, 1983; Schaller et al., 2014). Theoretically, buried seed, especially over long
periods, may need more protection from fungal pathogens, whereas some populations
with extended growing seasons and large individuals may benefit more from increases in
available nutrients in response to rapid decomposition. Plants with greater silica and awns
may further lead to formation of a longer-term seed bank and lack of silica and awns may
equate to a shorter-term seed bank and subsequent differences in seed longevity and/or
dormancy.

To our knowledge, the geographic pattern of awn polymorphism in M. vimineum is the
only case where such a north-south, awned-awnless pattern has been documented in
grasses (e.g. Soper Gorden et al., 2016). Similar investigations of awns in other grass
species spanning subtropical-temperate ranges, including invasive grasses, should be
conducted to establish corroborating evidence for this pattern. Awns serve a variety of
functions in grasses, and these roles are highly context-dependent (e.g. Humphreys et al.,

2011; Schrager-Lavelle et al., 2017). Therefore, if awns are indeed adaptive for soil
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burial at higher latitudes, this would represent a novel ecological context for the function
of this trait and its role in invasion success. The fact that intermediate, short-awned forms
were observed at relative low frequency at mid-latitudes suggests that awned and awnless
forms intergrade where their ranges overlap (Fig. 5), that this trait is likely under genetic
control, and further, that there may be selection against intermediate forms at both higher
and lower latitudes, i.e. reinforcement (Dobzhansky, 1940; Harrison, 1993; Coyne and
Orr, 1998; Curry, 2015). Clearly, additional study is needed to quantify the contribution
of awns or other (possibly linked) traits to invasion success in this species.

Invasion history of M. vimineum via herbarium records
Our analysis of digitized herbarium records in the eastern US provides historical evidence
of at least two separate invasions of M. vimineum. The initial invasion likely happened
somewhere in the southeastern US (based on the initial 1919 Tennessee collection and
subsequent collections in Tennessee, Kentucky, Virginia, North Carolina, and northern
Alabama; Fig. 4). It is impossible to determine exactly when or where this initial
introduction occurred, and it could have occurred much earlier than 1919, perhaps in the
late 1800s. A secondary invasion in the 1930s in eastern Pennsylvania is evident, with
only localized initial spread there and in neighboring New Jersey (Fig. 4). The gap
between the initial collection by Ainslie (1919, Knox County, Tennessee) and both of the
1931 collections by Braun and Blake (Harlan County, Kentucky and Prince George
County, Virginia, respectively) may be the result of low initial, post-introduction
abundance, lack of familiarity with M. vimineum by collectors at that time, or separate,
additional introductions (Fairbrothers and Gray, 1972).
The second putative introduction (i.e. awned form), and to a lesser degree the first
introduction (awnless form), display characteristic ‘lag phases,’ in which they appear to
establish locally or regionally prior to a more rapid expansion (Fig. 4a,b,g; Hengveld,
1988; 1989; Hobbs and Humphreys, 1995). The lag phase can have different causes,
related to demography, changing environmental conditions, or genetic potential (Crooks
and Soul¢, 1999). While it is impossible to discern what the causes of the lag phase
would have been for each of these putative introductions, investigation of genomic

variation from herbarium samples, in combination with data on past environments and
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the temporal dynamics of anthropogenic disturbance over the last century may shed light
on this observation.

Genomic analysis of 51 accessions from contemporary field collections across the eastern
US displays a strong pattern of differentiation among awnless and awned forms (Fig. 6).
This finding provides further evidence for at least two separate invasions of M. vimineum
in the US. There is also limited evidence of admixture between the two forms in some
accessions, most notably in one awnless accession from Mitchell County, in northwestern
North Carolina (NC SP 2-6), but also in several others. Novy et al. (2013) provided
evidence of clinal variation in phenology and vegetative biomass at anthesis with latitude,
with the main conclusion being that this invasive species has rapidly adapted within the
introduced range over the past century. Given the annual life history of M. vimineum, this
provides >100 generations over which evolution could have occurred. As an alternative
explanation for this pattern, Novy et al. (2013) stated: “IBD [isolation by distance] could
result from the northern phenotype (i.e. shorter time to flowering at lower biomass) being
introduced in the northern United States and the southern phenotype (i.e. longer time to
flowering at higher biomass) being introduced in the southern United States.” While
rapid evolution in flowering time could have evolved over a century resulting from a
single introduction of an invasive annual plant (given there was sufficient genetic
variation present), our findings suggest that the alternative scenario posited by Novy et al.
(2013) is equally plausible, and possibly not mutually exclusive of their primary
explanation of this pattern.

A regional genetic study of populations in northern and eastern West Virginia, US
(Culley et al., 2016) suggested that while a significant amount of population structure
exists for M. vimineum, there is also evidence for long- or at least intermediate-distance
dispersal, likely mediated by human activity or movement via water (Huebner, 2007;
Christen and Matlack, 2009; Huebner, 2010; Tekiela and Barney, 2013). The persistence
of two distinct forms—awnless in the southeastern US, and awned in the northern US—
suggests the possibility that both invasion history and selection for awned/awnless forms
at higher/lower latitudes may have played roles in the current distribution and expansion
of this species, though experimental evidence is needed to determine whether selection

via habitat filtering (i.e. pre-adapted invasion) has played a role. The rationale here is that
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even if, for example, long-distance seed dispersal is common in the invasive range,
selection could counteract the predominantly homogenizing effects of gene flow,
reinforcing the existence of awned forms at high latitudes and awnless forms at low
latitudes, removing maladaptive alleles introduced by seed dispersal but maintaining new
genotypic combinations that allow local adaptation (e.g. Edelaar and Bolnick, 2012).
Admixture is now well known as a potential source of adaptive variation among multiple
source introductions of invasive species (Dlugosch and Parker, 2007; Keller and Taylor,
2010; Keller et al., 2014; van Boheemen et al., 2017, 2018; Lachmuth et al., 2019), and
has possibly played a role in local adaptation and continued range expansion of M.
vimineum in North America. Following the rationale of Novy et al. (2013), if two
successful invasions have indeed occurred (southern awnless and northern awned,
respectively), then subsequent admixture and allelic shuffling could potentially allow the
expression of novel phenotypes associated with phenology, physiology, and morphology,
allowing ‘fine tuning’ of localized adaptation. Thus, if introductions of M. vimineum
were frequent enough over time, then the invasion success of this species could at least
partially be explained by a combination of habitat filtering and propagule pressure
(Weiher and Keddy, 1995; Lockwood et al., 2005). In other words, there may have been
many opportunities to “get it right” in terms of each initial invasion being preadapted to
some degree—especially if low genetic diversity was associated with introduction
bottlenecks—where subsequent spread, admixture, and selection have all contributed to
invasion success.

CONCLUSIONS

We present the first comprehensive analysis of invasion history and intraspecific awn
polymorphism in M. vimineum, relying on >1,100 digitized herbarium records from
centralized databases. We demonstrate historical and contemporary-genomic evidence of
at least two separate invasions in the US, a scenario that is increasingly becoming
apparent in invasion biology (e.g. Keller and Taylor, 2010; Vallejo-Marin et al., 2021;
Sutherland et al., 2021). A combination of habitat filtering, M. vimineum being an ‘ideal
weed’ (in reference to awn traits), propagule pressure (i.e. the possibility of several
introductions), and other factors may explain the success of this invasive species, and

represent plausible hypotheses for future investigation. Though M. vimineum has several
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plastic traits, these data support multiple introductions of the two awn-forms and possible
subsequent habitat filtering instead of plasticity of the awn trait. While we hypothesize
that habitat filtering may explain the success of the awned form in colder climates, more
research is needed to explain the potential adaptive advantage of being awnless in
warmer climates. Additional genomic analyses of material from herbarium specimens
across space and time will allow more nuanced reconstruction of invasion history and
determination of invasion mechanisms, further providing insights into any adaptive
processes at the genomic level, i.e., by evaluating the relatedness of co-occurring awn
types and estimating how long it takes awnless and awned forms to become extant in
colder and warmer climates, respectively, thereby determining a rate of habitat filtering
or competitive ability between the two forms. The current study further highlights the
need for experimental studies, specifically exploring the role of awns and other potential
trait polymorphisms in invasiveness. For example, seed bank germination studies or
burial experiments using awned, awnless, and intermediate awned forms under different
soil temperature/moisture regimes could be informative on fitness metrics such as
germination rates, seed bank accumulation and viability over time, the effect of burial
depth, differences in dormancy, and seedling survival to reproductive stage (e.g. Ramos
et al., 2019). These data could also be used to better incorporate site invasibility with
plant invasiveness by correlating local landscapes and physiography with invasion
history, perhaps highlighting patterns along rivers and other corridors. Ultimately, what
we have learned from the use of historical records of M. vimimeum can be applied to
other established plant invaders and may help us predict and prevent future invasions.
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Table 1. Least-squares regressions of latitude (centroids) vs. the proportion of awned
specimens for Asian and US records. Unweighted and weighted regressions (by the total
number of records per State, Province, or Region) are shown. ‘df” = degrees of freedom,

‘Std. Error = standard error.’

Proportion of awned records

US US (weighted) Asia Asia (weighted)
Latitude Coefficient 0.080" 0.105"" 0.015" 0.026
Std. Error (0.015) (0.016) (0.006) (0.007)
Intercept Coefficient -2.570 -3.534™ 0.063 -0.405°
Std. Error (0.574) (0.600) (0.205) (0.226)
Observations 21 21 33 33
R’ 0.585 0.689 0.162 0.306
Adjusted R? 0.563 0.673 0.135 0.284
Residual 0.291 (df = 19) 1.322 (df = 19) 0.307 (df=31)  0.902 (df=31)
Std. Error
F-Statistic 26.77277(df = 1;19) 42.10277(df = 1; 19) 5.9997°(df=1;31) 13.682" " (df=1; 31)

Note: *p<0.1; **p<0.05; ***p<0.01.
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Table 2. Logistic regression models for US specimens collected from the year 2000

onward showing the probability of being awned vs. Principal Component 1 of BIOCLIM

Temperature and Precipitation variables. ‘Std. Error’ = standard error.

Temp. model Precip. All BIOCLIM  Temp. X Precip.
model model model
Temperature Coefficient (PC1) -1 115%%* -1.226%**
-0.147 -0.23
Precipitation Coefficient (PC1) -0.965%** -0.760%**
-0.138 -0.253
All BIOCLIM Coefficient (PC1) -1.026%**
-0.14
Temperature (PC1) x Precipitation (PC1) -0.343%%*
Interaction Coefficient
-0.104
Intercept Coefficient -0.411%* -0.340%* -0.705%* -0.664*
-0.231 -0.191 -0.274 -0.353
Observations 207 207 207 207
Log Likelihood -65.364 -92.878 -60.237 -55.977
Akaike Information Criterion 134.727 189.757 124.473 119.953

Note: *p<0.1; **p<0.05; ***p<0.01.
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Table 3. Mixed-effects Generalized Linear Regression models for US specimens
showing logjo-transformed awn and floret measurements vs. logo-latitude and awn type
(long, short, or awnless). Fixed-effect independent variables are shown (left), while
random effects were used to account for non-independent variation in five floret
measurements for each accession. Awnless records were removed from the awn angle

and awn length regressions to avoid zero-values. ‘Std. Error’ = standard error.

Floret length Floret width Awn angle Awn length

Intercept coefficient -0.99™ 111 -1.55 0.26
Std. error (0.29) (0.406) (6.41) (1.00)
Awn type (long, short, awnless) -0.05™" -0.03

Std. error (0.01) (0.02)

Awn type (short vs. long) 0717 -0.45™
Std. error (0.16) (0.02)
logo latitude 0.41" 0.12 1.79 -0.37
Std. error (0.18) (0.29) (4.01) (0.62)
Pseudo-R’ (fixed effects/total) 0.36/0.65 0.04/0.39 0.19/0.35 0.82/0.88
AIC -1232.78 -830.19 379.02 -360.32
BIC -1209.46 -806.87 395.12 -344.22
Log likelihood 622.39 421.09 -184.51 185.16
Number of observations 360 360 185 185
Number of groups: accession 72 72 37 37
Variance: accession (Intercept) 0.00 0.00 0.09 0.00
Variance: residual 0.00 0.00 0.37 0.01

Note: *p<0.1; **p<0.05; ***p<0.01.
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FIGURE LEGENDS

Fig. 1. Florets of Microstegium vimineum. a. Awned floret, with an arrow illustrating the
geniculate awn at a 90° angle (fully dried). b. Awned floret, with an arrow illustrating the
geniculate awn at a 45° angle, one minute after soaking 5 minutes in water. ¢. Awned
floret with an arrow showing straightened, geniculate awn immediately after soaking 5
minutes in water. Florets from Tompkins County, New York, USA. d. Florets with
arrows illustrating intermediate, short-awned phenotypes (Sussex County, Delaware,

USA). e. Awnless florets (Knox County, Tennessee, USA).
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Fig. 2. Maps of the proportions of awned and awnless forms of Microstegium vimineum
in: a. Asia (native range) and b. the US (introduced range). Pie graphs are scaled
proportionally within each map (not between the two maps) to the number of records
examined for each centroid. Red = awnless form, blue = awned form. Coordinates given
at the corners of each map are degrees latitude and longitude. Arrow in ‘a.” (Sochi,
Caucasus, Russia) is west of the map boundary. ¢. Relationship between latitude (degrees
North, x-axis) and the proportion of awned records (y-axis) for Asian (red circles) and
US records (blue triangles). The total number of records examined for each point is given

by the scale to the right. Outliers are indicated by ‘a’ (Sumatra) and ‘b’ (Philippines).
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Fig. 3. Principal Components Analysis of 19 BIOCLIM variables for all US records

collected after the year 2000 of Microstegium vimineum, based on the correlation matrix.

Red = awnless forms, blue = awned forms. Percentages in parentheses on each PC axis

represent the total percent variance explained by each axis. a. BIOCLIM temperature

variables. b. BIOCLIM precipitation variables. ¢. All BIOCLIM variables. d. PCA biplot

of temperature and precipitation variables. e. Logistic regression plots of temperature and
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precipitation axes (x-axes) vs. the probability of being awned (y-axes) for US records.
Each x-axis represents the first Principal Component (PC) for 11 BIOCLIM temperature
variables (above) and eight precipitation variables (below) based on a correlation matrix.

Gray shading around the logistic regression line indicates the 95% confidence interval.
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Fig. 4. Mapping the invasion history of Microstegium vimineum in the eastern US. Each
slice represents 15 years (a-f), except for the first (a, 1919-1935, top left) and last (f,
1995-2020, bottom right). Red and blue circles indicate awnless and awned forms,
respectively. Red arrow in a = 1919, Knox County, Tennessee (awnless); blue arrow in b
= 1938, Berks County, Pennsylvania (awned). g. Plot of the number of unique localities
colonized over time for awnless (red) and awned (blue) forms, binned by year. Dashed

line = putative ‘lag phase’ for each.
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Fig. 5. Relationships between awn and floret measurements and latitude for 73 US
records of Microstegium vimineum. All measurements are in centimeters except for awn
angle and awn:floret length ratio. Values are means + standard deviation based on five
replicate florets per record. a. Awn length. b. Degree of awn bending (awn angle). c.
Floret length. d. Floret width. e. Awn:floret length ratio. Colors indicate awned forms

(blue), awnless forms (red), and intermediate, short-awned forms (orange).
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Fig. 6. Genomic analyses of field-collected US Microstegium vimineum accessions. a.
Coalescent-based phylogenetic analysis of 1,565 SNPs with SVDQuartets, with
parsimony-uninformative SNPs removed. Numbers adjacent to branches indicate
bootstrap support values (1,000 pseudoreplicates). Red = awnless accessions and blue =
awned accessions. b. Nonmetric multidimensional scaling ordination plot based on a
pairwise distance matrix from ANGSD genotype likelihoods of 39,198 SNPs (K =3
dimensions, stress = 0.176). ¢. Ancestry plot based on 3,148 SNPs after linkage
disequilibrium thinning in parallelSTRUCTURE (highest deltaK was 477.7 for K = 2).
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