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Abstract

Understanding the Genetic Consequences of Rapid Range Expansion: A Case Study Using
the Invasive Microstegium vimineum Trin. (Poaceae)
By Stephen Andrew Baker
A thesis submitted in partial fulfillment of the requirements for the degree of Masters of
Science at Virginia Commonwealth University.

Virginia Commonwealth University, 2009

Thesis Director: Dr. Rodney J. Dyer
Assistant Professor, Department of Biology

Global temperature changes are predicted to influence the distributions of plants
and can have significant consequences for population genetic structure. Both the nature of
these consequences and the processes that shape them are of interest for both conservation
genetics and the development of realistic management programs. Rapid range expansion
occurs on short temporal scales not conducive to conventional phylogeographical analyses.
This paper presents the findings from a population genetic study of the invasive grass
Microstegium vimineum Trin. A. Camus throughout the James River Basin of Virginia.

Genotypic analysis using Amplified Fragment Length Polymorphism (AFLP) molecular
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markers were used to test for evidence of rapid range expansion and the effects associated
with colonization and spread of Microstegium vimineum. Within the James River Basin
three genetically distinct clusters were identified that were not clearly associated with
natural geographic boundaries and recent founder events were also inferred. The James
River Basin also appears to act as a corridor for long-distance dispersal events. These
findings contribute to our knowledge of the genetic consequences of rapid range expansion
for invasive species, and more importantly, native species. Contrary to several studies, the
present research also indicates that long-distance dispersal is not rare and can be a major

contributor to the genetic structure following range expansion.
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Introduction

The distribution of genetic variation in plant species is influenced by recent range
disturbances (i.e. expansion or shifting) caused by large-scale climatic variation (Taberlet
et al. 1998, Hewitt 2000). Changes in global climate facilitate shifts in the current
distribution of resident species and rapid range expansions into new habitat. The genetic
consequences of these range disturbances are varied and depend on both the rate and
method by which populations expand or shift into new habitats. Range expansion itself
has previously been studied on temporal scales suitable primarily for phylogeography (e.g.,
Nason et al. 2002, Avise 2004, McLachlan er al. 2005, Garrick et al. 2009), but this only
provides insights into previous processes that have shaped the genetic distribution we see
today. Invasive species present an opportunity to study rapid range expansion on more
contemporary time scales. Many of the same factors and processes (i.e., multiple
introductions, long-distance dispersal, genetic drift, mating-system and founder effects)
that occur during range disturbances for native plant species are also experienced by

invasive plant species as they colonize novel habitats.

Founder effects are of particular interest because colonization is often characterized
by introduction into novel habitats by small numbers of individuals from which expansion

occurs both demographically and spatially. Founder effects occur when a very few



individuals establish a new population that has only a subset of the total genetic variation
of the parent population (Mayr 1963). These newly colonized populations are often
characterized by low genetic diversity, as compared to that present in the native range, due
in part to the restricted number of individuals that initially established the population (see
Barrett et al. 2008). The reduction in allelic diversity is expected to be inversely
proportional to the allelic frequency, with rare alleles absent from newly colonized
populations. This reduction in genetic diversity created by founding events has a profound
effect on genetic structure among populations as they expand from their point of initial
introduction or shift in response to changing ecological conditions (e.g., Ward 2006). For
example, a one-dimensional geographic expansion into previously uninhabited areas with
successive founder events with concomitant reductions in gene flow, due to increasing
physical distance, results in a stepping-stone pattern of decreasing genetic diversity (van de
Wouw et al.2008). This low genetic diversity expected in newly founded populations is
not permanent, subsequent immigration (e.g., secondary colonization) or gene flow into the
site will tend to diversify within-population structure (Amsellem et al. 2000 and Pappert et

al. 2000).

The distribution of genetic variation produced from a single introduction with
continuous expansion and low to moderate levels of gene flow is predicted to result in a
pattern of isolation-by-distance (IBD; i.e., genetic differentiation is an increasing function
of physical distance, see Wright 1943). The consequences of these multiple introductions

depends upon the source of immigrants. Multiple introductions from the same source will



generally increase genetic diversity of the newly established sites, making them appear to
be more similar to the source population. Under this scenario, the resulting structure of
newly colonized populations would appear to be either founded by a larger number of
individuals than it actually was, or to have substantially higher rates of gene flow with
parental populations than they actually do. Conversely, if the introductions are from
alternate sources then individuals from these admixed populations may appear to be
intermediate in diversity between the source populations. For example, Pappert et al.
(2000) suggests that multiple introductions of kudzu (Pueraria lobata) across the
Southeastern United States was a driving factor in the observed high levels of genetic

diversity among populations.

Although multiple introductions from alternate sources may increase within
population diversity, among-population genetic differentiation will tend to be reduced.
This is due to more admixed populations being created and reducing the among-population
genetic variance. This homogenization due to multiple founding populations can also
easily be confused with high levels of ongoing gene flow so it is important to consider
several lines of independent evidence when reconstructing demographic histories. The
general expectation of reduced diversity within newly colonized populations can provide
insights into the directionality of range expansion. Subsequent colonizations from the
leading edge of the range expansion will result in a serial pattern of diversity loss across
the landscape. For example, Garrick et al. (2009) found decreasing nuclear diversity in

two separate lineages of Euphorbia lomelii along a latitudinal axis where diversity
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decreased from north to south in the Baja California peninsula indicating southward
expansion along the peninsula. Another obvious indication of the direction of range
expansion is serial nesting of populations in a bifurcating tree where recently colonized
populations form the more derived populations and the ancestral populations are the source

of expansion (e.g., Nason et al. 2002).

Another factor that may dampen apparent patterns of isolation-by-distance across a
landscape for a species expanding its range is discontinuous spread. If expansion is not
continuous across the landscape, but characterized by episodic long-distance jumps, the
spatial distribution of genetic structure may be coarsely granular and not oriented along
apparent spatial axes (Baker 1974, Hengeveld 1989, Novak & Mack 2001, Suarez et al.
2001, Williams et al. 2007). Long-distance jumps followed by subsequent local diffusion
increases the apparent heterogeneity of genetic variation across a species’ range until the
main expanding front of the species’ range makes secondary contact (e.g. Austerlitz et al.

1997).

In addition to purely demographic processes, species mating systems may also
influence the distribution of genetic variation within and among populations. In general,
plants that reproduce primarily by self-fertilization typically have the lowest overall
genetic diversity compared to mixed mating or obligate out-crossing species (Hamrick &
Godt 1996). However, species that self- fertilize are more effective colonizers because

populations can be founded by one individual or a small number of individuals (van



Kleunen et al. 2007). Conversely, obligate out-crossing plants (e.g., those that cannot
produce self-fertilized seeds) typically maintain the highest levels of genetic diversity but
require larger colonizing populations to maintain viable breeding populations during the
initial invasion phase. Species with mixed-mating systems produce both self-fertilized and
out-crossed offspring and are typically intermediate in maintaining genetic diversity
(Hamrick & Godt 1996). As a result, species with similar demographic histories may
maintain different levels of genetic diversity depending upon how the mating system

influences the genetic structure of offspring during each reproductive event.

Microstegium vimineum Trin. Poaceae, commonly referred to as Chinese packing-
grass is an annual, C4, shade-tolerant, mixed-mating system grass with gravity dispersed
seeds that is native to Asia and was introduced into Tennessee, USA around 1919
(Fairbrothers & Gray 1972). This species is thought to have been introduced relatively few
times due to no agricultural importance and its introduction is most likely the product of its
use as a packing material before the invent of synthetic packaging materials. Since its
introduction, M. vimineum has spread to the eastern United States south of New York and
east of the Mississippi River. The ability to flourish in a variety of light conditions due to
phenotypic plasticity (Cheplick 2006) as well as the ability to produce both self-fertilized
and out-crossed seeds every generation makes Microstegium vimineum an especially
invasive species. It has also been found to prevent forest re-generation as well as shade out
native under-story plants and following a disturbance (Oswalt et al. 2007, Archibald-Shaw

2009). Gene flow within and among populations of M. vimineum is facilitated by wind for
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pollination and by gravity for seeds, although there is anecdotal evidence that they can also
be transported via runoff (Baker, pers. obs.). Seeds of M. vimineum may also remain in the
seed bank for up to three (Barden 1987) years making eradication difficult and increasing
the chances of anthropogenic introduction into previously un-colonized areas via soil
movement. Due to the ability to rapidly colonize and proliferate in novel areas and how
fast it has spread since introduction, M. vimineum is an ideal candidate to study the genetic

consequences of rapid range expansion.

The objectives of this study were to examine the spatial distribution of genetic
variation in Microstegium vimineum within the James River Basin (JRB) of Virginia. The
use of the JRB as the research area is motivated by the methods which seeds are dispersed
in order to form new populations. The specific questions addressed in this research were:
1) Is there significant genetic variation among the sampled populations in the JRB? A
recent and relatively rapid expansion from the initial introduction may result in a very low
level of overall genetic diversity. 2) Are populations in the JRB, all of which are relatively
recent in origin, characteristic of a single or multiple introductions? Homogeneous
structure at individual sites would suggest a single or few initial colonists followed by
localized expansion whereas high levels of diversity within colonized sites would be
indicative of multiple colonists or secondary colonization. 3) Across the JRB, are there
general trends in the distribution of genetic structure that indicate the directionality of
range expansion? The initial introduction into the United States was to the west of the

study area so there is a general expectation that expansion has occurred from west to east.
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Conversely, the JRB could have been colonized from several different lineages, thereby

dampening apparent spatial expansion across the JRB.



Methods

Taxon Sampling

Microstegium vimineum was sampled from within the JRB, a 27 L000km?* watershed
extending from the Alleghany Mountains in the western part of the Commonwealth of
Virginia eastward to the Chesapeake Bay along the eastern coast. Sites outside of the
basin were also chosen for sampling and were used as out-groups for later analyses. Sites
(herein referred to as populations) for sample collection consisted of Virginia
Commonwealth University's Rice Center for Environmental Science, state parks, wildlife
management areas as well as roadsides. Sampling was performed on both sides of the
James River to determine if there was evidence of the river acting as a barrier or corridor
for range expansion. Each population was geo-referenced and complete individuals were
haphazardly collected from within each location at intervals of two feet. Individuals were

stored in plastic bags at -80°C until DNA extraction.

DNA Extraction

Genomic DNA was extracted using a DNeasy 96 Plant Kit by Qiagen (Valencia, CA,

USA) using the protocol prescribed for frozen leaf tissue. Extracted DNA was purified via



ethanol precipitation by adding 67uL. of 7.5M ammonium acetate to the genomic DNA and
400uL of 100% ethyl alcohol. The solution was chilled at -20°C for 20 min and then
centrifuged at 2,400g in a Sigma-Aldrich 4-15°C centrifuge (St. Louis, MO, USA) for 10
min. The supernatant was discarded and 1mL of 70% ethyl alcohol was added to the
precipitate and briefly centrifuged. The supernatant was discarded and the precipitate was
allowed to air dry under a biological safety cabinet overnight. DNA was re-suspended in
50uL of ddH,O and the concentration was determined using the Thermo Scientific
Nanodrop 1000 (Waltham, MA, USA) and standardized with ddH,O to a final

concentration of Sng/ul. and stored at -20°C.

Genetic Markers & Genotyping

Purified genomic DNA was digested using EcoRI and Msel (New England Biolabs,

Ipswich, MA, USA) for 3 h at 37°C using a master mix of 6.7ul. of ddH,O, 2uL of 10x
EcoRI buffer (New England Biolabs, Ipswich, MA, USA), 0.2uLL 100x BSA, 1uLL Msel
(10,000 U/mL) and 0.1uLL EcoRI (100,000 U/mL) to 10uL. genomic DNA per reaction.

Following digestion, restriction enzymes were denatured for 20 min at 65°C.

Adapters for EcoRI and Msel were prepared by heating 100uLL each of the
respective forward and reverse adapters at 95°C for 5 min and allowed to cool slowly to

room temperature. PCR adapters were ligated to the restriction sites of the digested DNA
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using a ligation master mix consisting of 8.5uL. ddH,0O, 4uL. 10x ligase buffer (Bioline
USA, Boston, MA, USA), 1.5uL. 50uM EcoRI Adapter, 11.5uL. 50uM Msel Adapter, 4ulL
10x ATP (Bioline USA, Boston, MA, USA) and 0.5uLL T4 DNA ligase (Bioline USA,
Boston, MA, USA) per reaction. Digested DNA was ligated for 16 h at 16°C and then

diluted 1:15 with ddH,O.

Pre-selective amplification was performed by adding 2ulL of ligation product to a
master mix of 1.4uL ddH,0, SuL GoTaq® Green Master Mix (Promega, Madison, WI,
USA), 0.8uL. 5uM Eco+A primer, 0.8uL SuM Mse+C (Table 1) primer per reaction. The
pre-selective amplification had the following PCR profile: 75°C for 2 min, then 20 cycles
of 94°C for 50 sec, 56°C for 1 min, 72°C for 2 min, with a final step of 60°C for 30 min.

Amplified products were then diluted 1:5 with ddH,0O.

Four primer combinations were used for selective amplification Eco-AGC(5’-
FAM)/Mse-CAA, Eco-ACG(TET)/Mse-CAA, Eco-ACA(5'-FAM)/Mse-CAC and Eco-
AAC(TET)/Mse-CAC (Table 1). Selective amplification was performed by combining 4uLlL
pre-selective amplification product, 4ul. ddH,O, 0.8uLL. 5uM Eco+3 primer fluorescently
labeled with 5° FAM dye, 0.8uLL 5uM Eco+3 primer fluorescently labeled with TET dye,
0.4uL Mse+3 primer and 10uL GoTaq® Green Master Mix (Promega, Madison, W1, USA).
Selective amplification was carried out with an initial step of 94°C for 2 min, then a 19
cycle touchdown of 94°C for 30s, 65°C for 30s, reduced by one degree every cycle, and

then 72°C for 2 min. Following the touchdown, 35 cycles of 94°C for 30s, 56°C for 30s,

11



72°C for 2 min with a final step of 60°C for 30 min. The four primer pairs were initially
screened for reproducible polymorphic loci by amplifying eight individuals from four

populations spread across the entire JRB.

Capillary gel electrophoresis was conducted on a MegaBACE 1000 (Amersham
Biosciences Pittsburgh, PA, USA) with MegaBACE Instrument Control Software v2.5.
Samples were prepared as follows: 0.5uL of a 1:1 dilution of ddH,O to final amplified
products, 8.65ulL 0.1% Tween20, 0.35ul. ET-Rox 550bp DNA size standard (Amersham
Biosciences). Samples were run with the following conditions: injection voltage; 3kV,
injection time; 130s, run voltage; 10kV, run time; 100 min, dyes; GT dye set 1) (ROX,

FAM, TET and HEX).

Selective amplification products were sized using a ROX dye-labeled 550 base pair
sizing standard. Electropherograms were analyzed with Fragment Profiler v1.2 (Amersham
Biosciences). AFLP loci were determined by selecting peaks with an intensity of 200
relative fluorescent units (rfu) or higher in at least one individual. AFLP repeatability was
assessed using the dual-tube method described in Bonin ef al. (2004). Capillary
electrophoresis was performed on samples from the same reaction three times to ensure
consistency of genotype assignment and each genotype was verified by visual inspection in
Fragment Profiler. AFLP genotypes were scored “1” for presence and “0” for absence of
an allele for all loci with the lowest peak intensity at which an allele was distinguished

from background noise was 70 rfu. Samples with genotype failures were re-amplified
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from genomic DNA and were electrophoresed on 1.5% agarose gels at 80V for 3 h to

verify the presence of AFLP products before capillary gel electrophoresis was re-run.

Within-Population Genetic Diversity

The amount of within-population genetic diversity was estimated from several
complementary summary statistics. First, genetic diversity within populations was
measured by percent polymorphic loci (P) and Shannon’s information index (/; Shannon
1948) for each population using GENALEX 6.1 (Peakall & Smouse 2006). These two
summarizing parameters provided measures of diversity that were used as indicators of
demographic processes. Low levels of diversity were indicators of recent founder events
or isolated populations and high levels of diversity were indicative of high levels of gene
flow or secondary colonization. Next, statistical differentiation of within-population
genetic diversity was determined by testing for the presence of heteroscedasticity (Dyer in
review) using GENETICSTUDIO (Dyer 2009). This analysis tests the equality of within-

population genetic diversity using a multi-locus approach.
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Among-Population Differentiation

Spatial discontinuity of genetic structure among populations was tested using STRUCTURE
2.2 (Pritchard et al. 2000). STRUCTURE was run both with out-groups to determine if
expansion has been continuous from outside of the basin as well as without out-groups to
ascertain if the JRB has an effect on gene flow. STRUCTURE parameters were: 100,000
iteration burn-in, 1,000,000 iterations run length, all other parameters set to default for
K=1-20 clusters with each K run twice. Discontinuity determined by STRUCTURE were
used to determine if geographic features (e.g., James River) function as either barriers to

range expansion or ongoing sources of vicariance reducing or preventing gene flow.

Next, genetic distance among populations was calculated using GENALEX for each
pair-wise population using Nei’s genetic distance (Nei 1978) and subsequently used to
construct a neighbor-joining tree using PHYLIP 3.66 (Felsenstein 1993). Both an un-rooted
neighbor-joining tree and a rooted tree using populations collected outside the JRB were
constructed. Clades in the neighbor-joining tree were compared to clusters inferred from

STRUCTURE for congruence.

Finally, a hierarchical analysis of molecular variance (AMOVA, Excoffier et al.
1992) was used to analyze among-strata genetic differentiation on populations as well as
clusters determined by STRUCTURE. For each pair-wise population and cluster, regional
and population differentiation (@, @, and D ) were calculated using GENETICSTUDIO
and used as indicators of among-population, among-cluster and among-population within

14



cluster differentiation. Individual clusters were also tested for population differentiation by
AMOVA in order to estimate the amount of gene flow. Pair-wise @, values for populations
were calculated using GENETICSTUDIO and were used as a measure of differentiation
between populations in conjunction with pair-wise genetic distances. Hierarchical AMOVA
was performed with and without out-groups to determine if the genetic differentiation seen

was influenced by populations outside of the basin.

Range Expansion

To examine localized gene flow that may be occurring after colonization, spatial auto-
correlation was tested using GENALEX to resolve the distance at which population
correlation became insignificant. These distances are informative for determining if there
is spatial genetic structure indicative of gene flow between neighbor populations in
addition to any patterns of overall long-distance dispersal. All populations within the JRB
were analyzed for spatial auto-correlation and spatial auto-correlation was also tested for
populations within their respective cluster to determine the distances of gene flow and the
possibility of long-distance dispersal. Isolation-by-distance (IBD) was assessed to
determine if genetic dissimilarity seen among populations is a function of the spatial
distances between them. Significance for IBD was determined by Mantel tests (Mantel

1967) using Nei’s genetic distance and geographic distance.
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Each cluster of populations and all separate populations were tested to determine
whether expansion has been continuous across the basin in a stepping-stone pattern or if it
has been partitioned by multiple introductions or long-distance dispersal. If a significant
correlation between genetic distance and geographic distance was detected, a best-fit
regression test was performed for diversity parameters against longitude and latitude to
determine directionality of range expansion. Also, because the JRB is not oriented strictly
in a west-east direction, a principal coordinate rotation of the spatial coordinates was also
performed. These rotated coordinates were used to determine if the clusters identified by
STRUCTURE were spatially distributed along an axis in the JRB. The expectation was that
range expansion has occurred in a west to east direction corresponding with a one-

dimensional expansion from the initial origin of invasion in Tennessee, USA.

The degree to which spatial structure is influencing the distribution of among-
population genetic variance was determined by a Step-wise analysis of molecular variance
(STAMOVA; Dyer et al. 2004). Here the effects of spatial location were removed as a
covariate prior to estimating the degree of among population differentiation, @y, iu-
Differences between the uncorrected, @, and the one corrected for spatial location were
estimated using GENETICSTUDIO (Dyer 2009). The effect of spatial location on genetic

variation was also tested for each cluster identified by STRUCTURE.

Lastly, a Population Graph was created to describe the manner in which genetic

variation is distributed amongst populations (see Dyer 2009). The resulting network
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topology was used to infer which populations may have in the past or are still experiencing
gene flow and for assessing congruence with clusters identified by STRUCTURE. The
genetic distance between populations in the network were then regressed on a physical
separation (using a Mantel approach; see Garrick 2009) to estimate isolation-by-graph-
distance (IBGD), which is similar to the IBD estimates above, but potentially more
informative as it takes into consideration the genetic covariance among all populations
conditional on their covariance with all other populations, whereas IBD takes populations
in a pair-wise fashion ignoring the covariance of the remaining populations. The analysis
of IBGD also provides an indication of which subset of edges may be spatially extended or
compressed given the genetic covariance among populations pairs. Extended edges (e.g.,
pairs of populations that are further apart spatially than expected given their genetic
covariance; Garrick et al. 2009) are consistent with a scenario of long-distance dispersal
and/or high rates of gene flow. Conversely, compressed edges (e.g., pairs of populations
that are spatially more proximate than expected by their genetic covariance) are
representative of conditions where intervening landscape features may be preventing the

dispersal of genes.
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Results

Taxon Sampling

Within the JRB, 24 populations were found (Table 2; Figure 1) from which 370 individuals
were collected. From outside of the basin 74 individuals were collected from three sites
outside of the JRB. Two of the out-group populations (CNA and MNSP) were north of the
central basin (approximately 60km and 90km respectively). Another out-group population
(PUL) was collected from a region 45km southwest of the western-most reach of the JRB.
Of all 27 populations, 11 were from state parks, seven were along roadsides, six were from
wildlife management areas, one from a county park, one from the VCU Rice Center, and

one from a national wildlife refuge.

Genetic Markers & Genotyping

From the 444 individual specimens collected, all loci were successfully amplified
repeatably for 359 individuals (80%). Using the two primer combinations (Eco-AGC/Mse-
CAA and Eco-ACG/Mse-CAA, Table 2) 52 loci were polymorphic across all populations
and 36 loci (69%) were reproducible. The primer pair Eco-AGC/Mse-CAA yielded 11

polymorphic loci between the ranges of 120-160 base pairs, the Eco-ACG/Mse-CAA
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primer pair yielded 25 polymorphic loci ranging from 109 to 472 base pairs. A total of
8122 bands were scored from the 36 loci of both primer combinations. All loci were
polymorphic across all populations with the exception of one private allele found only at

out-group site CNA (n=22).

Within-Population Genetic Diversity

The overall mean percent polymorphic loci (P) was 47.94% + 3.06% SE, but there was a
wide range of values for percent polymorphic loci with the highest percentage at site PSP
(P=T77.78%) and the lowest at BCWMA (P=19.44%; Table 3). The mean diversity
measured by Shannon’s / was 0.264 + 0.010SE, with the highest observed at TLSP
(/=0.380) and the lowest at BCWMA (/=0.089; Table 3). Across all populations, there
were significant differences in within population diversity (e.g., heteroscedasticity;
p<0.005, F=21.694; Table 4). Tukey’s HSD post-hoc test on within-population genetic
diversity showed that not all populations significantly differed in diversity (Table 5). Of
particular interest was BCWMA where diversity was similar to that observed in AC, HI,
BV, HLSP, BBNWR and JRWMA. PSP was significantly more diverse than all

populations except AMELC, CHP, NQP and PUL.
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Among-Population Differentiation

Fifteen clusters were inferred using STRUCTURE (p=0.0320) when all populations,
including the out-groups (CNA, MNSP, PUL) were included in the data set. However,
when the out-groups were removed and only the sites within the JRB were considered,
STRUCTURE suggested only three clusters (p=0.0421, Figure 2). Within the confines of the
JRB the three clusters grouped into geographically proximate regions and were grouped as:
(1) West region consisting of 12 populations: PWMA, BCSP, HLSP, AC, BV, BCWMA,
AMC, DSP, FFWMA, JRWMA, JRSP and HI with the eastern most population being HI
120km east of the nearest west region population. (2) The central region consisted of only
two populations: TLSP and SCSP separated by 16km, and (3) An eastern region that
consisted of 10 populations: PSP, NQP, YRSP, YHS, CHP, AMELC, BBNWR, CC,
CWMA, RICE with the western most population being AMELC, 27km west of the nearest
east region population and 34km away from the nearest west region population. Two
populations, HI in the western region and PSP in the eastern region, showed a high degree
of admixture. This admixture resulted in HI being most likely placed in the western region
but with non-insignificant components of the eastern region and PSP being placed in the
eastern region but with components of the western and central regions. The remaining
populations did not have appreciable levels of admixture between the three putative

regional groups.
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Nei’s genetic distances (Table 6) ranged from 0.013 to 0.437 and were greater
between populations from different regions than between populations from within the same
region (mean within: West=0.07, Central=0.08, East=0.07; mean among: West-
Central=0.30, West-East=0.24, Central-East=0.23). The neighbor-joining tree (Figure 3)
contains three general clades matching the three regions inferred by STRUCTURE. The
neighbor-joining tree did not exhibit a pattern of serial nestedness as would be predicted
under a one-dimensional stepping-stone model of range expansion. Instead, populations

that were spatially proximate were not necessarily nearest neighbors on the tree.

Among-population genetic structure within the JRB was significant at all spatial
scales (Table 7). Using the hierarchical clustering of populations suggested by
STRUCTURE, significant differences were found in the genetic structure among regions
(Px,;=0.4270; p<0.005), among populations within regions (PD4=0.2016, p<0.005), and
among all populations (@4,;=0.5426, p<0.005). When out-groups were considered in the
hierarchical AMOV A, the results were not dissimilar (®D;,=0.5445, @,,=0.4265,
D,,=0.2057) suggesting that the ancestry of out-group populations is not significantly
different than that for populations sampled within the JRB. Taken as a pair-wise analysis
independent of the regional affiliations, all pairs of populations were significantly
differentiated (@g ranged from 0.215-0.827). Within the west and east regions there was

also significant structure among populations @g;y,,=0.1463 and Dy, ., =0.2225.
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Range Expansion

Localized spatial genetic structure, as measured by spatial auto-correlation, was found
throughout the data. Across the JRB there was significant spatial auto-correlation among
populations up to a distance of 40km (Figure 4). Within region auto-correlated patterns
were also observed but with smaller distance classes. The west region exhibited
significant spatial auto-correlation among pairs of populations separated by a distance of
10km (p<0.05, Figure 5) and a similar, albeit less intense pattern of spatial auto-correlation
existed among the populations sampled from the eastern region, where spatial auto-
correlation was found up to a pair-wise distance among populations of Skm (p<0.001,
Figure 6). Auto-correlation was not estimated in the putative central region due to the

small number of populations (K=2).

The hypothesis of isolation-by-distance, which would be consistent with a history
of range expansion, was present for all populations in the JRB when examining the
correlation between pair-wise geographic distance and pair-wise genetic distance, as
estimated by Nei’s genetic distance (Mantel Z=167.55, p=0.001, p=0.4226). When
considering populations within regional designations, there were conflicting results. There
was a significant correlation between genetic distance and geographic distance in the west
region (Mantel Z=11.00, p<0.05, p=0.6286); however, there was not a significant

correlation in the east region (Mantel Z=4.75, p=0.290, p=0.0781).
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When examining patterns of diversity along spatial gradients (rather than as a
function of pair-wise spatial separation) there was no relationship between longitude and
Shannon’s Diversity Index I (F=1.8842, p=0.1821) or P (F=2.8695, p=0.1027) for all
populations within the JRB. Similarly, there was no relationship between longitude and /
or P in the west region (p=0.3569 and p=0.3015) or in the east region (p=0.9922 and
p=0.927). Not surprisingly given the orientation of the JRB and the locations of sampled
populations, there were also no relationships between latitude and 7 or P at the level of all
populations (p=0.0719, F=3.5751 and p=0.1660, F'=2.0531, respectively), or among
populations in the eastern region (p=0.4349, F=0.6757 and p=0.5010, F=0.4967,
respectively). However, there was a significant relationship in the west region between
latitude and genetic diversity for both Shannon’s I and P (p=0.0269, F=6.7139, R’=0.3419,
Figure 7 and p=0.0232, F=7.168, R°=0.3593, Figure 8). Taking latitude and longitude
together as a principal coordinate rotation of the spatial coordinates did not reveal any
general trends in diversity for / or P along the entire JRB (p=0.1422 and p=0.2677), within
the western region (p=0.1634 and p=0.1158), or within the eastern region (p=0.9439 and

p=0.9841).

Given the potential for spatial influences on observed genetic structure, the
StAMOV A model was used to determine what proportions of the observed genetic
structure (@) could be explained by spatial structure. Removing the effects of spatial
coordinates as a covariate reduced the observed differentiation among populations in the

JRB by 9% (@4,=0.5445 vs. Py, =0.4392 ; Table 8). The west and east regions had
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much lower levels of variation attributed to spatial structure with 0.27% and 0.33%
contributing to increases in genetic structure within the regional partitions, which is

consistent with the results from the STRUCTURE and correlation analyses.

The distribution of genetic covariance among populations as depicted in the
Population Graph revealed a topology that was elongated along the longitudinal axis and
exhibited a compacted topology within putatively identified regions (Figure 9). This
topology is consistent with increased gene flow within but not among regions. The mean
number of edges, where an edge denotes a pair of populations that have a significant
genetic covariance was four (Dyer 2007). A single population (PUL) had only one edge (a
pendent) and two populations had six connections (YHS, BV) suggesting a high degree of
genetic covariance with spatially proximate populations. The west and east regions
identified by STRUCTURE were connected through only two populations (PSP, HI). The
relationship between edge lengths, a measure of genetic covariance, and spatial separation
among-populations identified extended edges between DSP-CNA, AC-PWMA, AC-HI,
BV-HI and CC-BBNWR, which would be consistent with the hypothesis of a long-
distance dispersal (Figure 9). Conversely, compressed edges between MNSP-CNA,
AMELC-CC, AMELC-PSP and TLSP-SCSP (Figure 9) were found to be connecting
populations that were more spatially proximate than expected given the genetic covariance

indicating locations of potential intervening vicariance.
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Discussion

Fine-scale consequences of range expansion

Fine-scale patterns of genetic diversity produced from rapid range expansion are predicted
to be influenced by founder events, bottlenecks and gene flow. The levels of genetic
diversity within the JRB vary with some populations being genetically depauperate while
others were surprisingly diverse. The overall mean P for all populations was 47.94% +
3.06 SE (Table 3) which is higher than expected based on introduction history and mating
system. The level of diversity found was closer to that of plants that are obligate out-
crossers (Hamrick et al. 1979) suggesting that although M. viminem has the ability to self-
fertilize, there is substantial reproduction by out-crossing within the JRB. Recent founder
events, suggested by populations with low genetic diversity, are also present within the

JRB.

Within the basin there are three populations that exhibit clear indications of recent
founder events. In the east region, CWMA exhibited low overall genetic diversity
(I=0.176, P=27.78%, Table 3) and significant genetic covariance with four spatially
proximate populations, all of which were located within 30km. This pattern is consistent
with either a history of colonization followed by localized dispersal and/or gene flow, or it

may be an artifact of relatively recent colonization of the sites by individuals from the
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same origin. Both of these scenarios are consistent with the degree of short distance
spatial auto-correlation observed in the eastern region (Skm; Figure 6). It appears that
CWMA also had significantly less within-population multivariate diversity as determined
by the heteroscedasticity than one of the neighboring populations (NQP), the remaining
three were more diverse suggesting that although CWMA is the product of a recent
founder event, there might be other less recent founder events that also have occurred in

the east region as well (Table 5).

Another population, BCWMA, located in the west region also exhibited a pattern
of genetic structure that is consistent with a recent founder event only with less diversity
and admixture than CWMA. The level of diversity found at BCWMA was the lowest of
all populations examined with only seven polymorphic loci (19%), that is consistent with a
founding by a few individuals. Even with this low level of within-population diversity, it
has significant genetic covariance with three geographically proximate populations (AMC,
PWMA, AC; Population Graph, Figure 9). Similar to the scenario for CWMA, this
among-population covariance could be the result of gene flow from the initial local
introduction as spatial auto-correlation in this region was measured up to 10km (Figure 5).
It is also possible, though less likely, that this population is the product of successive long-
distance dispersal events. There is an extended edge, suggesting long-distance dispersal,
on the Population Graph from AC to PWMA (Figure 9), and a subsequent (though not
extended) connection between PWMA and BCWMA. This observation indicates that

BCWMA could be the result of a local dispersal event following a long-distance
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colonization. It is notable that BCWMA has a very low level of within-population genetic
diversity as well as lower genetic distance when compared to populations 50-130km away
(e.g., AC, AMC and PWMA) rather than with those more spatially proximate. Amsellem
et al. (2000) found a similar pattern for populations of Rubus alceifolius on islands in the
Indian Ocean that were founded by a population in Madagascar that was in turn founded
by populations in the native range. Interestingly, the closest population to BCWMA,
TLSP, is only 15km away, yet there is no direct connection or strong signal of admixture
indicating that like CWMA, this is a recent founder event and secondary contact after

introduction has not occurred.

Fine-scale genetic analysis also yielded an interesting result from one population
located in the east region of the JRB. The population HI, located approximately 120km
east of the nearest population belonging to the west region, shows evidence of a founder
event originating in the western region. This population had moderately low levels of
diversity (Table 3) but showed high levels of admixture in STRUCTURE between the east
and west clusters (Figure 2). This admixture of clusters and the presence of an extended
edge between two populations in the west region on the Population Graph are indicative of
gene flow, yet these populations are separated by over 250km (Figure 9). A possible
explanation for this admixture and similarity with two western populations is that there has
been a long-distance dispersal from the west region into the east and secondary contact has
occurred following this event. The long-distance dispersal and subsequent secondary

contact by HI has implications for range expansion of these two clusters.
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Large-scale consequences of range expansion

The genetic structure following a rapid range expansion of an invasive species is
influenced by multiple introductions from the native range (Pappert et al. 2000), long-
distance dispersal and gene flow (Wilson et al. 2009). Multiple introductions may leave
behind patterns similar to long-distance dispersal by native species from populations at the
core of their range that are higher in diversity. However for comparison to native species,
long-distance dispersal of invasive species does not necessarily have to be from a core or
more diverse population. Within the JRB, three separate clusters were inferred from
STRUCTURE (Figure 2) suggesting some biologically meaningful barriers to gene flow
between groups of populations. However, between these regions there is no obvious

geographic barrier such as a river or mountain.

The regional partitioning seen in M. vimineum is more likely due to a zone of
secondary contact. All of the extended edges in the Population Graph (Figure 9) are
aligned on the axis of the JRB. Although these connections alone do not imply
directionality (e.g., the edges are based upon covariance that is symmetric between
populations), it is consistent with a historical demography where the ancestors of the
populations in the western region were colonizing the JRB and a separate colonization
process was occurring from the south and entered the JRB on its eastern end. Two lines of
reason support the contention that the east region is a product of dispersal from outside of

the basin followed by expansion within the basin. First, there cannot be expansion from
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the east due to an ocean and second, expansion from the west would have resulted in
STRUCTURE identifying populations in the east region as belonging to the western cluster.
Although the exact geographic origin of introduction or founding population(s) cannot be
identified from the present data there is some support that PUL, a population outside of the
basin in southwestern Virginia over 200km away, is part of a cluster that is similar to the
eastern cluster. PUL is in the clade with the east region in the NJ tree (Figure 3) and
clusters with the east in the STRUCTURE results. The results of STRUCTURE, the NI tree,
and the Population Graph (Figures 2, 3, and 9) are consistent with this notion of secondary
contact between both western and eastern regions in the central JRB. Clustering in these
groups was strong for all populations except for HI, which is of apparent admixture decent
that was geographically located in the east region but belonging to the west region.
Genetic distances and pair-wise @, within regions were smaller than genetic distances and
@, between populations in different regions except for HI, further supporting the
clustering indicated by STRUCTURE and the NJ tree (Table 6). This result of strong
clustering of populations into regions is surprising in that range expansion along the JRB

was presumed to be continuous rather than being the result of separate introductions.

If the JRB has a recent history of two or more introductions, it is surprising that
these lineages have not experienced extensive gene flow that would homogenize the
variation among them. Perhaps the invasion is still very young and has yet to experience
high rates of gene flow across this contact zone. Anecdotally, it has been observed that the
invasion of Microstegium vimineum into the VCU Rice Center, a population from which
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specific monitoring of this particular species has been conducted over the past four
years, has expanded significantly in abundance. This population is located in the central
JRB and its recent expansion into most of the secondary forest understory is consistent
with the hypothesis that the invasion is relatively recent as it is still displacing local

species.

Further support that range expansion in the east region has not been uni-directional
or continuous is the lack of significant isolation-by-distance and multiple founder events
evident from low diversity in a couple of populations (Table 3). Slatkin (1993) postulated
that populations that do not exhibit isolation-by-distance when their dispersal methods
would contribute to this pattern suggests a recent introduction. The lack of isolation-by-
distance can be due to either multiple long-distance dispersal events or one introduction
followed by multiple shorter ‘jumps’ contributing to a diffuse spread of M. vimineum.
There was also low among-population differentiation for all populations in the east region
(Py;=0.2225) with only 0.33% of genetic variation observed due to spatial variation
(Psrispariar as=0-2192). Although range expansion in the east region has not been uni-

directional or continuous, there are signs of secondary contact with the west region.

In the west region, the pattern of range expansion is influenced by the same
processes that are exhibited by the east region (i.e., founder events, high connectivity
between populations and potential ‘jumps’); however, spatial auto-correlation was

significant up to a distance of 10km (Figure 5) indicating that gene flow may be occurring
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at a larger distance than in the east. Also, expansion is more continuous than diffuse as
evident by significant isolation-by-distance. BCWMA, a population on the eastern front of
the west region is the least diverse due to a founder event as discussed earlier. BCWMA is
not the only population to show signs of founder events. HI, a population located
geographically in the east region was identified as belonging to the western cluster by
STRUCTURE (Figure 2). Unlike BCWMA, there is no evidence for nested founder events
but instead from one long-distance dispersal event from either AC or BV as indicated by

the presence of the two extended edges on the Population Graph (Figure 9).

The genetic consequences of gene flow over greater distances were apparent in two
ways. First, in the west region there is evidence of a long-distance dispersal event to HI,
PWMA and CNA (outside of the basin) increasing the distance at which gene flow occurs.
Second, analysis of molecular variance exhibited less population differentiation than the
east region (P3;,=0.1463 vs. @;=0.2225) that could eventually lead to homogenization of

the gene pool in the west region.

Although there are a few similarities between the east and west regions for the
pattern of range expansion there is also a stark difference. In the east, range expansion was
not continuous or uni-directional, the opposite seems to be the explanation for the west
region. Expansion in the west region has been continuous as evident by positive
correlation between genetic and geographic distances indicating the presence of isolation-

by-distance. Also, continuous expansion in the west region has been in a north to south
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direction along the JRB as evident by a positive correlation for decreasing / and P from

north to south (Figures 7 & 8).

It is also possible that due to the directionality of expansion of the west cluster and
lack of direction in the east cluster has led to this pattern of asymmetric gene flow. The
admixture seen in populations along the border of the east and west regions (i.e., PSP and
PWMA, Figure 2) is similar to that found by Caetano et al. (2008) where secondary
contact in a clustered region between two divergent lineages of Astronium urundeuva was
interpreted as supporting the notion of secondary contact. The patterns of range expansion
exhibited by the east and west regions are good indicators of the genetic consequences of
range expansion on two temporal scales. The west region is an example of an older
lineage in the JRB undergoing continuous expansion along a geographic corridor and
acting as source for diversity to other regions. The east region on the other hand, is a
prime example of a newly founded lineage undergoing demographic processes associated

with the colonization of a novel area.

The central region consists of only two populations but there is evidence that this
lineage is more extensive outside of the basin. These two populations found in the central
area of the JRB were found along with another population north of the basin that were all
clustered together by STRUCTURE as well as in the NJ tree. These three populations exhibit
lower genetic distances and population differentiation among themselves than with other

populations in the other two regions. In the Population Graph, compressed edges
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connecting these populations further supports the notion that the central region may be a
third lineage invading the JRB. However, outside of the clustering and long-distance
dispersal events, inferring expansion of this lineage without adequate sampling outside of

the JRB would be speculation.
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Conclusion

The genetic consequences of rapid range expansion are varied and a model to understand
how these processes interact and the genetic structure produced on the landscape level is
essential. In the scenario presented here, the variation observed within M. vimineum, was
consistent with a history of founder effects, varying rates and distances of gene flow, long-
distance dispersal and multiple introductions. Founder effects within the JRB created
populations that may remain genetically depauperate if gene flow is not increased. For
most species, low levels of genetic diversity can have long-term evolutionary

consequences for these populations and possibly even the entire species.

Small, genetically similar populations are at a higher risk of genetic drift acting to
fix allele frequencies in populations that can have either beneficial or detrimental
consequences. If newly founded populations have levels of diversity similar to those
found in this study for loci under selective pressure then subsequent inbreeding could
result in a beneficial purging of deleterious alleles (e.g., Parisod & Bonvin 2008).
Alternatively, low levels of genetic diversity for loci under selective pressure could result
in an inability to adapt to changing conditions. However, because M. vimineum has
evolved the ability to produce both selfed and out-crossed seeds, this low level of diversity
may not be as detrimental as it would for other, predominantly out-crossing species.

Indeed, at present, even with these low levels of within-population genetic diversity, this
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species appears to be very successful in out-competing and marginalizing native

understory species.

Each of these processes (e.g., founder events, multiple introductions, secondary
contact and long-distance dispersal) has different consequences as demonstrated by
Microstegium vimineum in the JRB and it is these consequences that are of interest for the
conservation of native species. As global temperatures change, plant populations will shift
their ranges poleward and upward in elevation (Parmesan 2006) and to determine how
these native plants are affected, we can use the information from M. vimineum and how
populations of this grass has behaved as it has expanded its range. As native plants expand
the overall genetic structure that is produced is one that is influenced by the landscape as

demonstrated by the longer distances of gene flow within the JRB for M. vimineum.

Another pattern demonstrated is that of patchiness of genetic identity where similar
genotypes are distributed across the landscape in patches or clusters. This patchiness in
conjunction with relatively low rates of gene flow and few dispersal events leads to
isolation, vicariance and the continuation of patchiness of similar genotypes. Ibrahim et al.
(1996) showed that species with leptokurtic dispersal processes such as gravity dispersed
seeds, leads to patchiness or clustering of populations with similar allelic frequencies. This
patchiness can persist for long periods of time (over 600 generations). Whereas high rates

of gene flow may serve to increase the rate of homogenization to eliminate the pattern of
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patchiness created. As a result, it is likely that the course granularity of genetic structure

observed in this species may be present in future populations for many generations.

Although this study has examined the genetic consequences of rapid range
expansion for an invading species, these results are applicable to native species undergoing
range expansion in response to global temperature change. However, there is still more
research that can be conducted to make more accurate and realistic conservation and
management plans. Ward (2006) stresses the importance of research along many scales in
order to fully understand the dynamics of a species and the population genetics associated
with it. This recommended course will help us to understand the consequences of range
expansion across different spatial scales. A finer scale approach over multiple years would
benefit our understanding in how low within-population genetic diversity following a

founder event is ameliorated over time and at what rate with respect to mating system.

Large-scale dynamics at the global level that encompasses the leading and lagging
zones of a range expansion would also be important to understand. Does the lagging zone
of range expansion experience similar effects or does adaptation play a role in the survival
leaving only those individuals that are suited for the changing environment in existence
and if so would gene flow between these populations play a role in the remnant
populations? Study into other plant species would also be a way to further our knowledge
of the genetic consequences of rapid range expansion. Microstegium vimineum is an

annual grass with a mixed-mating system that is suitable for understanding how other
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plants with similar characteristics will behave but it is not suitable for plants with other
mating systems. Research on the genetic consequences of range expansion for long-lived
perennials on temporal scales shorter than those used in phylogeography could also aid in
our understanding of the immediate consequences that will shape the longer lasting

patterns that we see when we look at post-pleistocene range expansion.
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Tables

Table 1: Amplified fragment length polymorphism adapters and primer sequences that
were used for ligation, pre-selective amplification and screening for selective
amplification of Microstegium vimineum genomic DNA. Primers with an asterisk

(*) were primers used for final analysis.

Adapters

EcoRI Forward 5’ CTC GTA GACTGCGTACC®
EcoRI Reverse 5" AAT TGG TAC GCA GTC 3
Msel Forward 5" GACGAT GAGTCCTGAG?3

Msel Reverse

5" TAC TCA GGA CTC AT 3’

Pre-Selective

Primers

Msel+C 5" GAC GAT GAG TCC TGA GTA A-C 3
EcoRI+A 5> GACTGC GTACCAATTC-A3
Selective Primers

Msel+CAA* 5" GAC GAT GAG TCC TGA GTA A-CAA ¥
Msel+CAC 5' GAC GAT GAG TCC TGA GTA A-CAC 3
EcoRI+AGC (TET)* 5 AC TGC GTA CCA ATT C-AGC 3’
EcoRI+AAC (TET) 5' AC TGC GTA CCA ATT C-AAC 3!
EcoRI+ACG (FAM)* 5 AC TGC GTA CCA ATT C-ACG ¥’
EcoRI+ACA (FAM) 5'AC TGC GTA CCA ATT C-ACA 3'
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Table 2: Sampling locations, number of individuals collected from each population, spatial
coordinates and regional membership determined by STRUCTURE for Microstegium
vimineum populations sampled. Populations without an assigned region are out-

groups.
Sample
Sampling Site Size Latitude Longitude Region

Caledon Natural Area (CNA) 24 38.3534 -77.1516 -
Douthat State Park (DSP) 20 37.9358 -79.7818  Western JRB
Alleghany County (AC) 10 37.8253 -79.6633  Western JRB
City of Buena Vista (BV) 20 37.7314 -79.3118 Western JRB
Amherst County (AMC) 15 37.7361 -79.2887 Western JRB
James River State Park (JRSP) 20 37.6264 -78.802  Western JRB
James River Wildlife Management Area JRWMA) 9 37.6688 -78.7265 Western JRB
Holiday Lake State Park (HLSP) 15 37.3955 -78.6404  Western JRB
Feather Fin Wildlife Management Area (FFWMA) 9 37.3612 -78.5797 Western JRB
Briery Creek Wildlife Management Area (BCWMA) 10 371772 -78.4473  Western JRB
Bear Creek Lake State Park (BCSP) 12 37.5314 -78.2648  Western JRB
Powhatan Wildlife Management Area (PWMA) 20 37.5512 -78.0148 Western JRB
Pulaski County (PUL) 19 37.0355 -80.5582 -
Mason Neck State Park (MNSP) 18 38.6404 -77.1978 -
Sailor's Creek State Park (SCSP) 11 37.3072 -78.2281  Central JRB
Twin Lake State Park (TLSP) 20 37.1761 -78.2764  Central JRB
Amelia County (AMELC) 15 37.2473 -78.0095  Eastern JRB
Chesterfield County (CC) 12 37.3376 -77.7216  Eastern JRB
Pocohontas State Park (PSP) 20 37.3664 -77.5744  Eastern JRB
VCU Rice Center (RICE) 25 37.3312 -77.208 Eastern JRB
Chickahominy Wildlife Management Area (CWMA) 10 373124 -76.9338  Eastern JRB
Chippokes Plantation State Park (CHP) 20 37.1456 -76.7383  Eastern JRB
York River State Park (YRSP) 20 374119 -76.7093  Eastern JRB
Hog Island Wildlife Management Area (HI) 8 37.1419 -76.6891 Western JRB
New Quarter Park (NQP) 20 37.2954 -76.6354  Eastern JRB
York County High School (YHS) 18 37.2024 -76.4997  Eastern JRB
Back Bay National Wildlife Refuge (BBNWR) 24 36.6719 -75.9161  Eastern JRB
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Table 3: Percent polymorphic loci and Shannon’s I derived from analysis of amplified
fragment length polymorphism for all populations of Microstegium vimineum

sampled.
Population P I
BCWMA 19.44% 0.089
CNA 27.78% 0.148
CWMA 27.78% 0.176
CC 30.56% 0.183
HI 30.56% 0.183

JRWMA 33.33% 0.182
AMELC 33.33% 0.193
BBNWR 36.11% 0.196

CHP 38.89% 0.205
BCSP 38.89% 0.235
YRSP 41.67% 0.23
RICE 44.44% 0.239
AC 44.44% 0.253
HLSP 44.44% 0.254
JRSP 47.22% 0.248
BV 47.22% 0.305
YHS 52.78% 0.273
FFWMA 52.78% 0.29
PUL 61.11% 0.332
NQP 63.89% 0.343
SCSP 63.89% 0.361
AMC 63.89% 0.365

PWMA 63.89% 0.379
MNSP 66.67% 0.367

DSP 69.44% 0.373
TLSP 72.22% 0.38
PSP 77.78% 0.35
Mean 47.94% 0.264

45



Table 4: Analysis of variance table for heteroscedasticity of all Microstegium vimineum
populations sampled.

Source df SS MS F
Among 26 501.6744  19.2952 21.694
Within 332 295.2888 0.8894

Total 358 796.963 20.1846

46



Y S

Table 5: Pair-wise comparizons of heteroscedasticity for populations of Microstegium vimineun, Significant difference between
populations are denoted by (30). Mumbers abowve populations correspond to population numbers in Figure 1.
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Table 7: Hierarchical analysis of molecular variance for regions inferred by Structure as
well as populations of Microstegium vimineum.

Source df SS MS
Among Regions 3 332.2741 110.758
Among Populations 23 141.2427 6.141
Error 332 474.5528 1.4294
Total 358 948.0696 118.3284

51



Table 8: Step-wise analysis of molecular variance for Microstegium vimineum populations
and spatial coordinates.

Source df SS MS
Latitude 1 0.0113 0.0113
Longitude 1 0.016 0.016
Among Populations 26 473.4895 18.211
Error 330 474.5528 1.438
Total 358 948.0696 2.6482
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Figure I: Geographic sampling locations of Microstegium vimineum. Circles with
numbers correspond to population location and population identification. Size of
circle does not correspond to sample size. (Inset) Picture of M. vimineum

individuals (not to scale).
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Figure 2: (Above) Microstegium vimineum populations within the James River Basin of
Virginia where color denotes regional membership determined by STRUCTURE.
(Below) Membership values (Q) determined by Structure for populations in the
James River Basin listed in geographic order from west to east and corresponding
to above map.
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Figure 3: Neighbor-joining tree of Microstegium vimineum populations of the James River
Basin as well as out-group populations constructed using PHYLIP from Nei’s
genetic distance. The east and west regions both form clades that are in agreement
with regions defined by STRUCTURE.
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Auto-Correlation Coefficient
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Figure 4: Spatial autocorrelation Correlogram for populations of Microstegium vimineum
in the James River Basin indicating significant correlation of genotypes up to
40km. Dashed red lines indicate upper and lower bounds of a 95% confidence
interval. Standard error bars are bootstrapped values around the observed
population correlation coefficient. Correlation coefficients for distance classes are
taken at the end-point to include all populations within the range of the distance
class up to the start of the next distance class.
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Figure 5: Spatial autocorrelation for populations of Microstegium vimineum in the James
River Basin indicating significant correlation of genotypes up to 10km. Dashed red
lines indicate upper and lower bounds of a 95% confidence interval. Standard error
bars are bootstrapped values around the observed population correlation coefficient.
Correlation coefficients for distance classes are taken at the end-point to include all
populations within the range of the distance class up to the start of the next distance
class.
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Figure 6: Spatial autocorrelation for populations of Microstegium vimineum in the east
region of the James River Basin indicating significant correlation of genotypes up
to Skm. Dashed red lines indicate upper and lower bounds of a 95% confidence
interval. Standard error bars are bootstrapped values around the observed
population correlation coefficient. Correlation coefficients for distance classes are
taken at the end-point to include all populations within the range of the distance
class up to the start of the next distance class.
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Figure 7: Regression test of Shannon’s information index (/) for populations of
Microstegium vimineum in the west region showing a significant positive
correlation for increasing / with increasing latitude.
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Figure 8: Regression test of percent polymorphic loci (P) for populations of Microstegium
vimineum in the west region showing a significant positive correlation for
increasing P with increasing latitude.
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Figure 9: Population network (below) with colors corresponding to region identity inferred
by STRUCTURE. Edge length corresponds to scaled genetic distance while node size
is correlated to within population diversity as measured by heteroscedasticity.
Nodes are numbered corresponding to the numbered populations on the population
graph (above) showing extended (red lines) and compressed edges (blue lines)
between populations indicating populations closer (compressed) or farther
(extended) genetically than expected geographically.
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