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10 Abstract

Peripheral populations hold special conservation significance as repositories of genetic 

diversity, while they may also be at increased risk of extirpation. We collected genetic, 

ecological, and distributional data to evaluate an endangered range-edge population of 

Trichophorum planifolium. Our data show that, range-wide, T. planifolium has remarkably 

15 low within-population diversity, and most populations are dominated by a small number of 

unique genotypes. However, the extremely low observed and expected heterozygosity we 

document is comparable to results from other woodland sedges. The life history of this 

species results in high levels of inbreeding. The low diversity of the single remaining 

Canadian population is therefore not unusual for this species, and does not support 

20 suggestions that this population suffers from elevated inbreeding depression. However, it 

is geographically isolated, and its soil environment is unusual for the species. These 

conditions may have facilitated local adaptation of conservation value for the long-term 

persistence of this species. In addition, we identified populations within the core range of 

this species that are comparably isolated to the peripheral population, or that demonstrate 

25 greater genetic divergence. Consequently, while distinctions between core and peripheral 

populations are important for conservation management, understanding variation across 

the range of a species is key to effective protection.

Keywords

abundant center hypothesis; conservation genetics; microsatellites; Trichophorum 

30 planifolium; peripheral populations
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Introduction

In high-latitude countries, a high proportion of species identified as requiring legal 

protection (i.e., endangered species) are actually geographically peripheral populations of 

species common at lower latitudes (Yakimowski and Eckert 2007; Gibson et al. 2009). For 

35 example, in Canada, approximately 90% of listed Threatened or Endangered plant species 

are locally rare representatives of species that reach the northern extent of their range in 

Canada, but are abundant further south (Yakimowski and Eckert 2007). Concern over the 

investment of conservation resources into species that are locally rare but globally 

common has led to debate over whether, or when, peripheral populations merit national 

40 concern (e.g., Hunter and Hutchinson 1994; Hampe and Petit 2005; Gibson et al. 2009).

Peripheral populations are typically small and geographically isolated due to increased 

habitat variability and reduced resource availability at the range margin (i.e., the abundant 

center hypothesis; Brown 1984). Consequently, they may be at greater risk of extirpation 

due to genetic factors (i.e., inbreeding depression) as well as stochastic demographic, 

45 environmental and catastrophic factors (Soulé and Mills 1998; Brook et al. 2002). These 

risks may be exacerbated by anthropogenic threats such as habitat loss and fragmentation 

(Young et al. 1996) and climate change. Nevertheless, peripheral populations may be 

important sources of genetic diversity for the species (Safriel et al.1994; Leppig and White 

2006; Eckert et al. 2008), harbouring unique genetic diversity and/or adaptations to 

50 conditions at the range edge (Lesica and Allendorf 1995; Bunnell et al. 2004).

However, empirical studies attempting to quantify the genetic differentiation of peripheral 

plant populations have produced mixed results (Sagarin and Gaines 2002; Eckert et al. 
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2008). The lack of consistent range-edge genetic differentiation may be attributable in part 

to species-specific characteristics (Gibson et al. 2009). In plants, life-history traits (i.e., 

55 breeding system and dispersal mechanisms) are a major determinant of population genetic 

structure, because they strongly impact the rates of gene flow (Loveless and Hamrick 1984; 

Frankel et al. 1995). Knowledge of the spatial distribution of intraspecific genetic diversity 

can guide conservation efforts for peripheral populations, especially when the reproductive 

biology and ecology of the species are not well understood.

60 Lesica and Allendorf (1995) proposed a framework for evaluating the conservation value of 

peripheral populations, identifying population isolation and divergent environmental 

conditions as main criteria. In practice, neutral genetic markers, such as microsatellites, can 

be used to identify populations that have experienced restricted gene flow (i.e., are 

genetically isolated; Crandall et al. 2000; Moritz 2002). However, microsatellite markers 

65 cannot provide information on adaptive divergence of populations (Holderegger et al. 

2006; Teixeira and Huber 2021). Therefore, to capture variation in selection pressures 

across the species� range, environmental differences among populations should be assessed 

(Allendorf et al. 2013).

Trichophorum planifolium (Sprengel) Palla, commonly known as Few-flowered Club-rush 

70 or Bashful Bulrush, is a species that is rare at its northern limit in Canada, but is common 

further south. It is a perennial woodland species in the family Cyperaceae, typically 

occurring on mesic to dry, often rocky, slopes in association with hardwoods, especially 

Oaks (Quercus spp.) (Crins 2002). The range of T. planifolium extends from Massachusetts 

Page 4 of 44

© The Author(s) or their Institution(s)

Botany



D
raft

west to Ontario and south to Virginia and Kentucky, with disjunct populations occurring in 

75 Missouri and southern Illinois (Figure 1).

The only extant locality in Canada is in southern Ontario, in the nature sanctuaries at Royal 

Botanical Gardens in Hamilton, Ontario. Trichophorum planifolium was previously known 

from one other location in Ontario, in Rouge Valley near Toronto, but no plants have been 

located at this site since 2005 (Smith and Rothfels 2007). Due to its limited Canadian range 

80 and an apparent decline in population size, T. planifolium is listed as Endangered under the 

Canadian Species at Risk Act (SARA; COSEWIC 2000).

Trichophorum planifolium is caespitose, growing in dense, low tufts (~ 40 cm high). 

Individual plants reach a maximum diameter of 20-30 cm, and lack the long rhizomes 

present in clonally spreading sedges such as Carex pensylvanica Lamarck (Crins and Rettig 

85 2002). It is wind-pollinated, with styles and stamens exerted at anthesis, and has neither a 

showy perianth nor nectaries (Crins 1989; Iwanycki et al. 2010). Seeds mature in mid-

summer and disperse in late July to August (Iwanycki et al. 2010). A specific mechanism for 

long-distance seed dispersal has not been confirmed (Smith and Rothfels 2007), but it has 

been suggested that the matting of leaves and stems during the fruiting period may limit 

90 most seed dispersal to within a meter of the maternal plants, leading to the formation of 

colonies of closely related sibling groups (Crins 1989). It has been suggested that low 

recruitment observed at the Hamilton site may be due to limited intrapopulational genetic 

diversity (Smith and Rothfels 2007).

The main objective of our research was to apply Lesica and Allendorf�s (1995) framework 

95 to assess the conservation value of the last remaining peripheral population of 
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Trichophorum planifolium in Canada. Specifically, we assess genetic diversity (richness and 

divergence) using neutral microsatellite markers to evaluate the hypotheses that this 

peripheral population has reduced richness and increased divergence relative to central 

populations. Additionally, we assess variation in abiotic conditions (climate niche and local 

100 soil properties) and spatial isolation to test the hypotheses that peripheral populations are 

subject to divergent environmental conditions and reduced connectivity to core 

populations.

MATERIALS AND METHODS

Population Sampling

105 In spring 2014, we sampled 29 populations of T. planifolium across its geographic 

distribution (Figure 1, Table 1). An additional population sample was previously obtained 

in 2011 in Kentucky. At each site, we sampled individuals haphazardly, with at least 1 m 

between individuals, and a maximum distance of 100 m between the most distant samples. 

In total, 919 tissue samples were obtained, with a minimum of four and a maximum of 50 

110 samples per population (mean = 31.7). Our protocol was modified for one very small 

population (PACR), where one sample was taken at a distance of 150 m to increase sample 

size to seven. During sampling, we estimated the size of each population using four 

categories: fewer than 100, 100-500, 500-1000 and more than 1000 individuals. A single 

herbarium voucher was collected per population, except for the locations in Ontario, New 

115 Hampshire, and West Virginia, where the species is Endangered and collection of whole 
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plants is prohibited. Vouchers have been deposited at DAO (abbreviations follow Thiers 

2020).

Tissue samples were immediately placed on silica gel and stored at room temperature 

prior to molecular analysis. Twenty samples per population were randomly selected for 

120 genetic analysis. For populations with fewer than 20 samples, all individuals were used.

Genetic Analysis

For each individual, 20 mg of dried leaf tissue was ground with 3 mm-diameter stainless 

steel beads in a 2 mL Eppendorf tube at 30 Hz for 2 min using a TissueLyser II (Qiagen, 

Venlo, Limburg, Netherlands). Total genomic DNA was extracted from ground tissue using 

125 the Nucleospin Plant II Kit (Machery-Nagel, Düren, Germany). The quality and 

concentration of DNA obtained was verified using a Nanodrop 2000 UV-Vis 

Spectrophotometer (ThermoScientific, Waltham, Massachusetts, U.S.A.).

We employed eleven nuclear microsatellite markers that were previously developed to 

assess the population genetics of T. planifolium (Table 2, see Nowell et al. 2015 for details). 

130 Amplification of microsatellite fragments were performed in 8 µl reaction volumes 

containing 0.416 µL primer mix (10 mM; 10:1 untagged to tagged primer), 0.192 µL dye-

labelled CAG Tag (10 mM; 6-FAM or VIC, Life Technologies, Carlsbad, California, U.S.A.), 

0.24 µL DMSO, 4 µL 2X Phusion High-Fidelity Master Mix with HF Buffer (New England 

Biolabs, Ipswich, Massachusetts, U.S.A.), 2.152 µL ddH2O and 1 µL DNA (10 ng/µL) using a 

135 T-100 Thermal Cycler (Bio-Rad, Hercules, California, U.S.A.). Cycling conditions followed 

Touchdown-TD PCR (Korbie and Mattick 2008) as in Nowell et al. (2015). PCR products 

were visualized on a 1% agarose gel stained with GelRed (Biotium, Hayward, California, 
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U.S.A.) and viewed with a High Performance Transilluminator (UVP, Upland, California, 

U.S.A.) with a 100 bp DNA ladder (New England Biolabs) to confirm the presence and size 

140 of amplification products and absence of contamination prior to genotyping.

Amplification products were subsequently pooled into groups of three and visualized by 

capillary electrophoresis using a 3130xL Genetic Analyzer (Life Technologies) with the 

GeneScan 500 LIZ Size Standard (Life Technologies). Individual samples were genotyped 

using Genemapper v.5 software (Life Technologies) and verified with manual scoring.

145 Due to amplification failures, we were unable to score all samples for all 11 loci. We 

retained only those samples for which we could score at least eight loci. We enumerated 

private alleles, calculated allelic richness (El Mousadik and Petit 1996; Adamack and 

Gruber 2014), gene diversity, observed heterozygosity and the fixation index FIS (Nei 1987; 

Goudet and Jombart 2015) for each population. Tests for departures from Hardy-Weinberg 

150 equilibrium (HWE) were performed with the R package �pegas� ver. 0.13 (Paradis 2010).

We counted the number of distinct multi-locus genotypes (MLG) for each population, using 

the methods provided by Kamvar et al. (2015). When samples with incomplete genotypes 

could not be unambiguously assigned to a single MLG, we randomly assigned them to a 

matching MLG in the same population, if present. To account for differences in sample size, 

155 we also calculated rarefied MLG counts for each population, as a standardized measure of 

genetic richness. The rarefaction estimates were calculated for subsamples of 10 

individuals per population (referred to as eMLG hereafter, Oksanen et al. 2019). 

Populations with fewer than 10 invidivduals scored were excluded from rarefaction, and all 

analyses based on eMLG.
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160 We also assessed genetic divergence, using an index based on population pairwise-FST 

values. We calculated our divergence index (FD) as the mean of pairwise-FST values for a 

given population, when compared with all other populations.

To determine if population size had an influence on genetic diversity (eMLG) or divergence 

(FD), we used a linear regression of these variables against population size. Population size 

165 categories were coded as values 1-4 (very small, small, medium and large) for this analysis.

Preliminary review of the data revealed excessive levels of homozygosity, and no locus was 

in Hardy-Weinburg equilibrium (data not shown). Five populations had a single MLG 

shared by all individuals and no heterozygosity (Table 1). As discussed below, this 

indicates high levels of selfing and/or inbreeding among close relatives. As such, analyses 

170 based on assumptions of Hardy-Weinburg equilibrium, linkage equilibrium and panmictic 

populations, such as STRUCTURE (Pritchard et al. 2000), are inappropriate for our data. 

Accordingly, we used multivariate ordination to visualize genetic structure among 

populations (Jombart et al. 2008). Similarly, we did not test for the presence of null alleles, 

as we are not aware of a test that can distinguish between excessive homozygosity due to 

175 the presence of null alleles, and excessive homozygosity to due to high levels of inbreeding 

(e.g., Brookfield 1996).

We visualized genetic variation among the 97 complete, distinct MLG using a Principal 

Components Analysis of allele frequencies for each MLG. We assessed spatial structure 

using spatial Principal Components Analysis (i.e., sPCA: Jombart et al. 2008; Thioulouse et 

180 al. 2018). This is a form of co-inertia analysis that identifies the spatial pattern present in 

population genetic data. The SSR data is incorporated as population allele frequencies. 
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Spatial relationships are defined by a neighbourhood. We defined the spatial 

neighbourhood of a population as all other populations within 650 km, with the strength of 

each link weighted inversely by geographic distance (via function spdep::dnearneigh with 

185 the upper distance bound set to 650). We chose 650 km to ensure there were no 

disconnected subgroups (i.e., there was at least one link between the Missouri populations 

and the eastern populations). We used the adegenet package to complete this procedure 

(via function spca, Jombart 2008). We tested for statistically significant spatial 

autocorrelation using a randomization test (function global.rtest in R package 

190 adegenet).

Soil Sampling and Analysis

Soil samples, composed of at least seven sub-samples, were collected at each population 

(except WVMO and VASC, where the substrate was too rocky for soil collection, and KYLE, 

for which tissue samples were collected several years prior to the development of the 

195 sampling design implemented here), with sub-samples made to rooting depth (~10 cm) 

immediately adjacent to T. planifolium plants. Composite samples were submitted to the 

University of Massachusetts Soil Laboratory (American Samples) or the University of 

Guelph Soil Laboratory (the Canadian sample), and soil properties including pH, cation 

exchange capacity (CEC), organic matter (OM) and soil nutrients (calcium, magnesium, 

200 manganese, phosphorous, potassium, zinc) were quantified.

We used hierarchical clustering to visualize differences in soil conditions. Each variable 

was scaled to mean = 0, standard deviation = 1, and the Euclidean distance among sites was 

used to construct UPGMA cluster dendrograms (Legendre and Legendre 2012). We 

Page 10 of 44

© The Author(s) or their Institution(s)

Botany



D
raft

validated the dendrogram structure using the cophenetic correlation coefficient, and 

205 identified the optimal number of clusters using the Kelley-Gardner-Sutcliffe penalty 

function (Kelley et al. 1996).

Geographic and Ecological Analysis

We used herbarium records from GBIF.org (2019) to characterize the geographic isolation 

and climatic niche of T. planifolium. To control for collection bias (see Radosavljevic and 

210 Anderson 2014), we used the spThin package (Aiello-Lammens et al. 2015) to create a 

thinned data set, in which retained samples were at least 10 km from all other samples.

We quantified the isolation of each occurrence in the thinned GBIF data as the fitted value 

of a kernel density smoother fit to those data, the �Utilization Distribution� of Worton 

(1989), and implemented in the R package adehabitat (Calenge 2006). This approach 

215 incorporates both distance and density of occurrences near a point, with low values (near 

zero) assigned to isolated points, and increasing values for points with more and closer 

neighbours. There is no upper bound to this value, but records used in our study had values 

from 0.007 (most isolated) to 0.113 (least isolated; see results).

To quantify climate suitability for observations, we constructed a Species Distribution 

220 Model (SDM) using Maxent (Phillips et al. 2017). We limited the study extent to 31N-50N 

degrees latitude, 66W-98W degrees longitude; this area was chosen to include a 500 km 

buffer around a minimum convex polygon containing all GBIF records for T. planifolium. 

Background training data was limited to level 1 Ecoregions (Omernik and Griffith 2014) in 

which T. planifolium is present within this extent. The following environmental layers were 
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225 considered: 19 bioclimatic variables (WorldClim: Fick and Hijmans 2017, 

www.worldclim.org), aridity (Trabucco and Zomer 2019), and terrain ruggedness. Terrain 

ruggedness was calculated from SRTM DEM data (Jarvis et al. 2008) with 3-arc second 

(approximately 90m) horizontal resolution. We used the Terrain Ruggedness Index in QGIS 

(QGIS.org 2020). The resulting raster was upscaled to match the 30 arc-second (~1km) 

230 resolution of the other layers, using the �average� resampling method. To reduce 

collinearity among variables, we selected a subset of these layers such that the variance 

inflation factor was less than 10 (function vif in the R package usdm: Naimi et al. 2014). 

The final set of variables included aridity, WorldClim Bio2 (mean diurnal temperature 

range), Bio6 (minimum temperature of coldest month), Bio13 (precipitation of wettest 

235 month), and Terrain Ruggedness. Maxent model parameters were tuned with the 

ENMevaluate function from the package ENMeval (Muscarella et al. 2014). We used the 

fitted cumulative log-log values from the SDM as an index of climate suitability for each 

record.

We quantified the degree of divergence of populations relative to the species as a whole for 

240 a number of variables (eMLG, FD, Spatial Isolation, Climate Suitability) using the percentile 

of that population. Populations in the first/last 5 percentiles for a variable (i.e., having a 

value greater/less than 95% of all populations) were considered highly divergent for that 

variable. Populations in the top/bottom 20 percentiles were considered moderately 

divergent. All analyses were performed in R version 4.0 (R Core Team 2020), unless 

245 otherwise specified.
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RESULTS

Genetics

We scored a total of 505 individual genotypes (mean 16.8 per population) for at least eight 

loci, and completed all 11 loci for 408 individuals (Table 1, Table 2). Forty-six alleles were 

250 detected (mean 4.2 per locus, range 2�9, Table 2), and a total of 115 unique MLG were 

described. All but three MLG were confined to a single population. One MLG was shared by 

two Missouri populations; one was shared by two Ohio populations; and one MLG was 

found in three populations, one each in Connecticut, Maryland, and eastern New York.

Four hundred and sixty-five (92.1%) individuals were homozygous for all loci, with only 40 

255 individuals heterozygous at one or more loci. Of the 25 populations with at least 10 

individuals genotyped, the mean eMLG (i.e., genotypes per 10 individuals) was 3.1 (range 

1�6.5, Figure 2). The Canadian population had an eMLG of 1.37, corresponding to the 20th 

percentile of the distribution.

The pair-wise FST values ranged from 0 to 1 (mean 0.79). A group of five populations 

260 shared mutual pairwise-FST values of exactly 1: CTTP, MAST, OHBH, OHSC, VAHB. This is a 

consequence of each of these populations being fixed for a different homozygous MLG. Ohio 

populations OHBH and OHPR had a pairwise FST of -0.01 (corrected for heterozygosity, 

Goudet and Jombart 2015), as a consequence of the single MLG present in OHBH (all 13 

samples), also occurring in 16 of 18 samples from OHPR.

265 The mean genetic divergence, FD, was 0.79 (range 0.59�0.9, Table 1, Figure 2). FD for the 

Ontario population was 0.87, corresponding to the 80th percentile of the distribution. The 
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least divergent populations (in increasing order) were MOBU, WVFM, NYTS, NHER and 

PAGP (FD = 0.60 � 0.68). The most divergent populations (in decreasing order) were NYMP, 

VAHB, MAST, CTTP, OHSC, ONRB (FST 0.87�0.9).

270 Estimated population size did not have a statistically significant relationship with either 

eMLG (regression adj. R2 = 0.016, p = 0.24), or FD (adj. R2 = -0.03, p = 0.84) (Figure 3). 

There was significant spatial structure in the genetic data, as determined by a Monte Carlo 

test of Morin�s I (function adespatial::global.rtest, p < 0.001). This is largely due to the 

relative divergence of the Missouri populations. On the (non-spatial) PCA plot the Missouri 

275 samples form a discrete grouping; the single Maryland population is somewhat separated, 

and the Ontario samples cluster with the Missouri grouping (Figure 4). The other 

populations are intermixed in the center of the plot without obvious geographic structure. 

A similar pattern is shown in the sPCA map, which shows the Missouri samples have low 

values on sPCA axis 1, compared to higher values for the eastern populations. The 

280 populations in Ohio, in the center of the geographic range show a mix of �eastern� and 

�western� affinities.

Soils

The cophenetic correlation of the UPGMA clustering of soil data was 0.94, indicating strong 

correspondence between the dendrogram structure and the Euclidean distances calculated 

285 from the soil variables. The optimal number of clusters identified by the Kelley-Gardner-

Sutcliffe test was four (Figure 5). Twenty-two of 27 assessed populations belonged to the 

main cluster, with three outlying clusters containing one or two populations each. The 

Page 14 of 44

© The Author(s) or their Institution(s)

Botany



D
raft

Maryland population (MDDM) formed a cluster on its own, characterized by low pH, high 

organic matter, and high values of P, K, and Mn. Populations MABM and PAGP formed a 

290 cluster, characterized by high Ca and Mg. Populations ONRB and PACR formed the fourth 

cluster, characterized by high Ca and Zn and low Mn (Table 3).

Geographic Isolation and Climate Suitability

Population isolation for the GBIF herbarium records ranged from 0.00716 to 0.113 (lower 

values indicate greater isolation) (Figure 6, Table 1). The Canadian population had an 

295 isolation index of 7.18e-3, putting it in the 1st percentile of the 266 records. Of the 

populations we sampled, KYLE and NYMP were also in the 1st percentile, with isolation 

index values of 7.19e-3 and 7.48e-3 respectively (Table 1). Climate suitability for each of 

the herbarium records ranged from 1.9e-5 to 4.5e-3; suitability at the Ontario population 

scored 3.6e-4, the 30th percentile of the total distribution (Figures 1 and 6).

300 DISCUSSION

The most striking observation in our study is the extremely low genetic variation and high 

homozygosity present within populations (mean FIS 0.91, HO 0.01), and high level of 

differentiation among populations (FST = 0.80). These values are higher even than typical 

for selfing species (i.e., the mean FST for selfing species with similar life history traits is 

305 0.42�0.57, following Hamrick and Godt 1996; Nybom 2004), and as a wind-pollinated 

species we expect T. planifolium is at least potentially an out-crossing species. Our data 

suggest T. planifolium has a mixed mating system, and the high levels of homozygosity 

suggest reproduction is dominated by inbreeding.
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This supports Crins� (1989) hypothesis that the low stature of T. planifolium, and the 

310 complex terrain it occupies, limit outcrossing and leads to inbreeding. Crins also noted that 

T. planifolium is protandrous, presumably an adaptation to lessen the frequency of self-

pollination. However, Friedman and Barrett (2009) showed that the spatial and temporal 

separation of male and female flowers in woodland sedges (monoecious Carex) are largely 

ineffective at preventing geitonogamy. They studied seven Carex species, many of which co-

315 occur with T. planifolium in woodland habitats (pers. obs) and have similar caespitose 

habit. They found only one species had an outcrossing rate greater than 0.1 (three species 

had no polymorphic allozymes, which may reflect a long history of inbreeding).

Lacking any obvious adaptations for long-distance seed dispersal, gene flow via seed 

dispersal is likely similarly limited in T. planifolium. It is well documented that plant seeds 

320 often travel only one or a few meters (Cain et al. 2000). Seed dispersal in T. planifolium 

occurs in late July and August, during which time the plants� leaves become matted. Crins 

(1989) suggested that this would facilitate deposition of the seeds immediately adjacent to 

parent plants (i.e., seeds are gravity dispersed), resulting in small spatial clumps of closely 

related tussocks. Like self-pollination, mating among closely related individuals limits 

325 recombination and leads to increased inbreeding and homogeneity of genotypes in the 

population (Loveless and Hamrick 1984).

In combination, these life history characteristics may explain the low population genetic 

diversity documented here as the outcome of founder effects, followed by population 

expansion dominated by selfing and inbreeding. This is consistent with a general pattern 

330 noted in other sedges (Carex), which can be divided into two life history categories (Ford et 
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al. 1998). �Group 1� are caespitose, with multiple hermaphroditic culms on each plant, with 

flowers in close proximity. This facilitates geitonogamy, resulting in low intra-population 

diversity, but high inter-population diversity (Kull and Oja 2007).

In contrast, �Group 2� Carex are rhizomatous, with more space between culms from the 

335 same individual, and more physical mixing among individuals. This leads to greater intra-

population diversity, and less differentiation among populations (Ford et al. 1998).

As a caespitose species incapable of rhizomatous spread, Trichphorum planifolium fits the 

description of Carex Group 1, aside from having bisexual flowers. This likely further 

exacerbates inbreeding, as it may result in both autogamous and geitenogamous selfing. 

340 The low levels of heterozygosity we observed (Ho 0.00�0.03, Table 1) are comparable to 

values reported for other sedges, representing both Group 1 and Group 2: Trichophorum 

caespitosum: Ho = 0.01 to 0.04 (Godt et al. 1996; densely caespitose as in Group 1), Carex 

loliaceae: Ho = 0.00 to 0.12 (Kull and Oja 2007; rhizomatous, Group 2) and Carex 

magellanica subsp. irrigua: Ho = 0.00 to 0.03 (Kull and Oja 2010; rhizomatous, Group 2).

345 Strong founder effects may also explain the apparent lack of relationship between 

population census size and genetic diversity (Figure 3). Small populations are more 

susceptible to the loss of alleles through genetic drift (Wright 1931), and so are expected to 

maintain lower levels of genetic diversity than larger populations. This pattern has been 

documented in many systems (Frankham 1996), including woodland sedges (Godt et al. 

350 1996). However, if populations are founded by a small number of individuals, and 

dominated by selfing, as we propose is the case for T. planifolium, populations may never 

contain enough variation for drift to have a detectable impact. In such cases population size 
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may be less important than migration rate: the number of different source populations that 

have contributed individuals to the given population may be more influential than the total 

355 number of individuals present at a given time. We cannot rigorously assess this issue with 

our data, but it does suggest that further study of metapopulation dynamics may be fruitful 

in understanding genetic diversity in understory sedges like T. planifolium.

The main geographic structure in the genetic data reveals strong differentiation between 

Missouri and the eastern populations (Figure 4). This suggests current T. planifolium 

360 populations may have emerged from separate eastern and western glacial refugia 

(Delcourt and Delcourt 1991; Meyer 1997; Soltis et al. 2006). However, if this is the case, it 

is interesting to note that populations representing both eastern and western genetic 

groups appear in close proximity in Ohio. The ordination analysis also indicates the Ontario 

population is genetically more similar to the Missouri populations than the geographically 

365 closer eastern group.

Gene flow via pollen or seed between Missouri in the west, and Ohio and Ontario to the 

east, is unlikely, given the long distances between these locations (> 500 km). However, the 

SDM indicates pockets of suitable environment exist along the Ohio river in southern 

Indiana and northern Kentucky (Figure 1). This may have served as a post-glacial 

370 colonization route linking populations from the two regions; there may even be overlooked 

populations of T. planifolium in this area, as this species is easily missed.

The single remaining Canadian population shows somewhat reduced diversity (20th 

percentile for eMLG; Figure 2). We have argued above that population dynamics in this 

species is characterized by founder effects followed by inbreeding, which
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375 is often associated with reduced fitness (Angeloni et al. 2011). However, this cost may be 

reduced in self-pollinating species (Holtsford and Ellstrand 1990; Busch 2005), as in some 

cases inbreeding may result in the purging of deleterious alleles (Crnokrak and Barrett 

2002).

We cannot address this issue directly with our data. Microsatellites are neutral markers, 

380 they do not provide direct evidence of adaptive diversity; they only provide insight into 

into patterns of colonization, reproductive strategies and gene flow. We can say that T. 

planifolium populations with low diversity are relatively common and widespread (e.g., CT, 

MA, OH, VA), and several of them are quite large and apparently stable (Table 1). 

Furthermore, this pattern of limited intra-population genetic diversity is common in other 

385 woodland sedges. From this, we conclude that the reduced genetic diversity of the last 

Canadian population is not unusual for forest sedges, and as such does not suggest 

inbreeding depression is likely to be a threat to its persistence.

The Canadian population is moderately divergent genetically (80th percentile for FD; Figure 

2), and climatic conditions at that location are not extreme for the species (30th percentile 

390 for suitability). However, it is extremely isolated, and the soil conditions at the site are 

shared with only one other population. This provides indirect evidence that this population 

may be adapted to site-specific environmental conditions, indicating elevated conservation 

value (as per Lesica and Allendorf 1995). Indeed, protection of many populations of T. 

planifolium would be necessary to conserve species-level genetic diversity as it is chiefly 

395 partitioned among, rather than within, populations (Koelling et al. 2011). These results also 

suggest the risk of outbreeding depression, and future restorative efforts (i.e., 
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augmentation) for the Canadian population should be avoided or approached with caution 

(Frankham et al. 2011). It should also be considered that mixing of populations with 

differing genetic backgrounds could decrease the conservation value of the Canadian 

400 population (Barrett and Kohn 1991). While we have focused on the status of the peripheral 

Canadian population, other populations are similarly isolated (e.g., KYLE, NYMP), or more 

divergent genetically (e.g., NYMP, VAHB). This indicates that conserving intraspecific 

diversity requires assessing the full range of a species. Prioritizing populations for 

protection based on their geographic location or the political jurisdiction they occur in 

405 risks overlooking important variation within the distribution of a species.
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Tables

Table 1: Trichophorum planifolium populations sampled. Pop Code: the population code, the first two letters indicate the US 

630 state or Canadian province. Lat and Lon: geographic coordinates. Pop Size: estimated population size, V Small: < 100 

individuals; Small 100-500 individuals; Medium 500-1000 individuals; Large > 1000 individuals. N: total samples per 

population (samples with all 11 loci scored in parentheses). Ap: private alleles. Ar: mean allelic richness per locus. MLG: 

multilocus genotypes. eMLG: MLG in rarefied samples of 10 individuals. Hs: gene diversity. Ho: observed heterozygosity. FIS: 

population inbreeding coefficient. FD : mean pairwise FST for the population when compared to all other populations. I: 

635 geographic isolation index, × 1000; lower values indicate more isolated populations. The Mean row contains the population 

means; the Total row contains values calculated for all samples as a single population. The Total value for the FD column is the 

global FST value.

Pop Code Lat Lon Pop Size N Ap Ar MLG eMLG Hs Ho FIS FD I

CTTP 41.371 -73.452 Medium 17(16) 0 1.00 1 1.00 0.00 0.00 0.89 64

KYLE 37.591 -83.782 V Small 5(2) 1 1.07 3 0.05 0.02 0.60 0.84 7

MABM 42.302 -72.530 Large 19(14) 1 1.12 5 3.63 0.07 0.00 0.93 0.81 50

MAMT 42.447 -72.539 Large 19(19) 0 1.06 3 2.05 0.03 0.03 0.13 0.85 39

MAST 42.059 -72.130 Small 20(20) 0 1.00 1 1.00 0.00 0.00 0.89 72
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MDDM 39.568 -78.912 V Small 20(19) 0 1.32 7 4.53 0.18 0.02 0.87 0.76 11

MOBS 36.948 -90.993 Large 41(17) 2 1.31 17 6.53 0.16 0.01 0.93 0.70 34

MOBU 37.536 -91.212 Small 14(11) 1 1.45 6 5.34 0.25 0.01 0.97 0.60 54

MOHC 37.023 -92.168 Large 14(12) 0 1.11 4 3.43 0.06 0.01 0.90 0.83 40

MOOC 37.664 -90.900 Small 17(12) 0 1.03 3 2.18 0.02 0.01 0.65 0.86 61

MOSH 37.200 -91.326 Small 20(15) 0 1.14 5 4.21 0.07 0.01 0.84 0.78 50

NHER 42.764 -71.361 Small 19(14) 1 1.27 4 3.51 0.15 0.03 0.79 0.68 26

NJKP 40.761 -74.716 Medium 17(16) 0 1.14 3 2.18 0.07 0.01 0.93 0.82 63

NYMP 43.030 -77.574 Large 19(19) 0 1.02 2 1.53 0.01 0.00 1.00 0.90 7

NYTS 42.118 -73.497 Large 20(15) 0 1.29 3 2.89 0.17 0.00 1.00 0.67 38

OHBH 39.621 -82.405 Small 13(13) 0 1.00 1 1.00 0.00 0.00 0.80 18

OHHH 39.438 -82.531 Small 20(20) 0 1.20 7 5.32 0.11 0.00 0.96 0.71 19

OHPR 38.653 -83.164 V Small 18(17) 1 1.04 3 2.11 0.02 0.00 1.00 0.77 18

OHSC 39.058 -83.389 Medium 17(15) 0 1.00 1 1.00 0.00 0.00 0.87 18

ONRB 43.266 -79.921 Small 27(22) 1 1.01 2 1.37 0.01 0.00 1.00 0.87 7

PABE 41.044 -77.654 V Small 15(7) 0 1.11 4 3.31 0.06 0.00 1.00 0.82 12

PACR 40.370 -79.228 V Small 6(5) 0 1.06 2 0.04 0.00 1.00 0.82 10

PAGP 40.075 -76.909 Medium 18(13) 0 1.34 7 4.71 0.19 0.05 0.76 0.68 33
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PASG 40.098 -76.948 V Small 9(8) 0 1.04 2 0.02 0.00 1.00 0.76 33

VAAC 37.804 -78.249 Medium 17(14) 0 1.09 3 2.59 0.05 0.00 1.00 0.81 13

VAHB 37.189 -80.419 Small 18(14) 0 1.00 1 1.00 0.00 0.00 0.90 29

VASC 36.820 -79.067 V Small 3(1) 0 1.09 2 0.09 0.00 1.00 0.75 14

WVFM 38.664 -79.240 Large 19(18) 2 1.30 9 6.08 0.16 0.01 0.97 0.67 27

WVMO 38.519 -79.371 Large 20(18) 1 1.30 7 4.92 0.16 0.00 1.00 0.72 26

WVSS 39.222 -77.820 V Small 4(2) 0 1.07 2 0.05 0.00 1.00 0.85 40

Mean 16.8(13.6) 0.37 1.13 7.6 3.3 0.08 0.01 0.89 0.79

Total 505(408) 115 9.03 0.08 0.01 0.91 0.80
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Table 2: Microsatellite loci. See Nowell et al. 2015 for details.

Locus Motif Alleles Size

TP142 AAT 3 136�148

TP152 AG 3 146�156

TP174 AAT 3 167�170

TP325 AG 9 151�177

TP326 AG 2 216�226

TP330 AAT 3 341�358

TP341 AGC 7 284�323

TP406 AAT 5 198�216

TP434 AAT 3 163�169

TP45 AAG 2 382�368

TP80B AAT 6 208�226

640
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Table 3: Soil analysis for T. planifolium populations. Values reported as mean ± standard 

deviation for each cluster. Note: the MDDM cluster had only one population, so there is no 

standard deviation to report.

Main MABM & PAGP ONRB & PACR MDDM

CEC (meq/100g) 16.0 ± 2.9 19.2 ± 1.8 12.5 ± 5.8 26.3

OM (%) 6.6 ± 2.9 12.2 ± 4.2 5.1 ± 0.5 20.3

pH 5.4 ± 0.5 5.7 ± 0.2 5.7 ± 0.4 4.2

Ca (ppm) 352.9 ± 275.0 1065.0 ± 200.8 1122.5 ± 321.7 341.0

K (ppm) 68.5 ± 15.5 106.5 ± 33.2 53.5 ± 19.1 160.0

Mg (ppm) 64.8 ± 46.0 186.5 ± 7.8 94.1 ± 79.3 44.0

Mn (ppm) 30.0 ± 13.8 50.2 ± 5.2 14.9 ± 5.6 271.8

P (ppm) 4.3 ± 2.0 4.0 ± 0.1 3.2 ± 3.4 15.8

Zn (ppm) 1.5 ± 0.7 3.7 ± 0.8 4.3 ± 0.2 2.8

645
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Figure Captions

Figure 1: Trichophorum planifolium distribution. A. Populations Sampled: Grey points are 

GBIF records; red diamonds are populations sampled for the genetic survey and soil 

analysis. B. Maxent species distribution model. Highest suitability is indicated in green, 

650 declining through yellow, orange and grey. Lambert Conformal Conic projection with 

NAD83 datum, shapefiles from GADM (2022).

Figure 2: Distribution of rarified multi-locus genotypes (eMLG) and population mean pair-

wise FST values (FD). The red line indicates the population in Ontario, Canada.

655

Figure 3: Genetic diversity (eMLG) and divergence (FD) by population size. V small: < 100 

individuals; Small: 100-500; Medium: 500-1000; Large: 1000+.

Figure 4: Spatial structure of genetic diversity in Trichophorum planifolium. A. Principal 

660 Coordinates Analysis of 97 unique microsatellite MLGs. The centroids of all samples from 

each state or province are labelled, connected to each of the unique MLGs for that 

jurisdiction. The strongest geographic structure is the clustering of Missouri samples (MO, 

green squares), Maryland (MD, red circles) and Ontario (ON, blue diamonds). B. sPCA map. 

The color for each population indicates its position along the first axis of the sPCA 

665 ordination.  Lambert Conformal Conic projection with NAD83 datum, shapefiles from 

GADM (2022).
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Figure 5: Soil analysis of T. planifolium populations. A. UPGMA dendrogram, based on the 

Euclidean distance among sites, calculated from nine soil variables. The four clusters 

670 identified by the Kelley-Gardner-Sutcliffe test are indicated. B. Geographic distribution of 

soil clusters. The plot symbols on the map indicate the soil cluster from the dendrogram; 

empty circles are populations without soil data. Lambert Conformal Conic projection with 

NAD83 datum, shapefiles from GADM (2022).

675 Figure 6: Geographic isolation and climate suitability of T. planifolium records. Population 

Isolation based on the density of occurrences around each GBIF record using the Utilization 

Distribution; Climate Suitability presents the fitted values for each record from a Maxent 

distribution model. Red lines indicate the values for the last remaining Canadian 

population.
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