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Abstract

Pedicularis furbishiae is a globally rare, hemiparasitic perennial restricted to dynamic riverbank habitats along the Wolas-
toq (Saint John) River in Maine, USA, and New Brunswick, Canada. The species now faces severe threats from habitat
fragmentation, altered hydrology, and demographic collapse—particularly in New Brunswick, where several subpopula-
tions have been recently extirpated and where recovery activities are being undertaken to protect the species from further
decline. In this study, we assembled the first reference genome for P. furbishiae and conducted reduced-representation
genotyping by sequencing (GBS) across 69 individuals sampled from all major subpopulations. Despite recovering a
modest number of SNPs (152), we identified four genetically distinct populations: one in Maine with some subpopulation
structure and three isolated subpopulations in New Brunswick. Genetic diversity was low overall, with elevated inbreeding
coefficients in Grand Falls and Medford populations. All subpopulations contain private alleles, indicating the importance
of conserving even the most demographically vulnerable sites. These findings support an integrated conservation strategy
combining seed banking, ex situ propagation, and genetic rescue through controlled outcrossing among subpopulations,
and provide a critical genomic baseline to inform the recovery of this imperiled species through population reinforcement
and reintroduction across its range.

Keywords Hemiparasite - Ex situ conservation - Population enrichment - Population fragmentation - Inbreeding -
Genetic rescue - Endemism - Furbish’s lousewort

Introduction adaptive potential, elevate extinction risk, and increase the

expression of deleterious alleles through inbreeding depres-

The maintenance of genetic diversity is critical to the long-
term survival of rare species experiencing population decline
(Frankham 2005). Reduced genetic diversity can limit
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sion (Soulé 1985), but gene flow between populations can
counteract these effects. The concept of genetic rescue—an
increase in population fitness following the introduction
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of new genetic variation via gene flow—has emerged as a
viable conservation strategy for fragmented and declining
species (Thrall et al. 1998; Whiteley et al. 2015). A success-
ful genetic rescue plan begins with understanding the spatial
distribution of genetic variation and the degree of popula-
tion connectivity.

Furbish’s lousewort (Pedicularis furbishiae S. Watson)
is a globally rare, hemiparasitic, herbaceous, perennial
plant known from about 20 isolated, scattered subpopu-
lations along a 225-kilometer stretch of the Wolastoq
(Saint John River) spanning northern Maine (U.S.) and
western New Brunswick (Canada; Fig. 1). It is an early
successional species that critically depends on the avail-
ability and connectivity of its dynamic and narrow habi-
tat: recently ice-scoured, north-facing riverbanks on the
Wolastoq, which are constantly changing due to seasonal
flooding, ice-scour, and erosion (Macior 1978; Gawler et
al. 1987; Menges 1990). The long-term persistence of P.
furbishiae is characterized by a dynamic blink-in, blink-
out process (Marsh and Trenham 2001) in which coloni-
zation of recently scoured riverbanks is balanced by local
extirpation due to successional advancement or distur-
bance from hydrological events (Gawler et al. 1987). It
is thus likely that seed dispersal, colonization, establish-
ment, and extirpation along its narrow riverbank habitat
yielded a functional metapopulation for P. furbishiae
(see Halsey et al. 2015) whose survival depends on the
consistent and continuous supply of colonizable habitat
(Hutchinson 1951).

The hydrological dynamics that have heretofore sus-
tained P. furbishiae appear to be changing, raising concerns
and questions about its future survival. Increases in winter
shocks, winter flows and midwinter rainfall events are pos-
sibly causing more disturbances and erosion (Winton et
al. 2024). Unfortunately, due to the lack of historical sur-
vey data on plant numbers and on habitat loss across the
NB landscape, it is difficult to address whether this will be
beneficial or problematic for the species due to the lack of
subpopulation redundancy, the presence of physical barriers
such as dams that could prevent gene flow and minimal seed
production due to low plant numbers. By subpopulations,
we mean discrete riverbank groupings smaller than 1 km
and separated by more than 1 km long holding colonies/
patches of P. furbishiae individuals (Winton et al. 2024).
Even single plants are infrequently encountered outside of
these subpopulations, especially in NB.

Early studies of the reproductive biology of P. furbishiae
found it to be pollinated exclusively by the half-black bum-
ble bee (Bombus vagans) and reliant on outcrossing for seed
set (Macior 1978). It is not known whether it has any system
of genetic self-incompatibility. Autonomous self-fertiliza-
tion appears to be rare but possible; we have observed the
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Fig. 1 Furbish’s lousewort (Pedicularis furbishiae Watson) and geo- }
graphic distributions. Flowering caudices and riverbank habitat (panel
a and b). The riverbank shown in b illustrates an example of typical
viable habitat found on the river. A weather station that monitors pho-
tosynthetically active radiation, soil moisture and temperature as well
as air temperature and relative humidity can be seen on the left side of
the image. The river forms the boundary between NB and Maine in
segment 3 and 4 of the river. The river has been divided in 4 segments
and are described in the Service’s Recovery Plan (USFWS 1991).
Locations of sampled subpopulations on Wolastoq (Saint John) River.
Points for sampled sites are blue (Maine) or red (New Brunswick)

production of viable seeds by a single isolated individual
in a controlled field bank with no other congeners present
(M. Williams, unpublished). The fruits of P. furbishiae are
capsules containing small seeds with no known animal dis-
persal vectors, and floating scapes are likely the primary
means by which seeds are dispersed to downstream habitat
(Menges 1990).

As louseworts (Pedicularis L.) are generally hemipara-
sitic, another dimension of the biology of P. furbishiae is
the reliance on host plants. Experiments have shown that
seedlings are host-generalist obligate root parasites (Macior
1980), but in the field, adult plants do not appear to maintain
haustorial connections to hosts (Macior 1978). In green-
house tests, effective hosts included alder (Alnus incana),
wild licorice (Glycyrrhiza lepidota), and showy tick trefoil
(Desmodium canadense; R. Fournier 2017, unpublished; M.
Williams 2023-24, unpublished).

Following its botanical discovery by Kate Furbish in
1880 in Van Buren, Maine (Kennedy 2025), P. furbishiae
is among the few northeastern North American plant taxa
named in honor of a female botanist. Historical accounts
corroborate that the species was more widespread, partic-
ularly in New Brunswick (Fowler 1885), prior to habitat
alterations in the 20th century, including the construction
of the Grand Falls Dam in 1928. Following decades without
confirmed observations, P. furbishiae was declared prob-
ably extinct (Secretary, Smithsonian Institution 1975). It
was then ‘rediscovered’ in 1976 during environmental sur-
veys for the proposed Dickey-Lincoln hydroelectric project
(Richards 1976), and concerns over its protection became a
significant factor in the eventual cancellation of the project.
This outcome elevated the species as a symbol of conserva-
tion action and led some to call it a Lazarus taxon. Although
there are no reports highlighting the ecological or cultural
benefits of this species, possibly due to its extreme rarity
and limited study in the last century or so, it is well-known
and a source of pride among many local communities of
the Wolastoq watershed as the most threatened and iconic
species among the numerous rare plants occurring across
the US-Canada border. Because of the level of biodiversity
within the watershed, various protection efforts to con-
serve this rare ecosystem and the species therein have been
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implemented (Wolastoq Priority Place - Wolastoq/Saint
John River Priority Place).

Pedicularis furbishiae was one of the first eleven plant
taxa listed as federally endangered under the United
States Endangered species act of 1973 (U.S. Fish & Wild-
life Service 1978). Surveys conducted in 20162017
reported that most of the subpopulations above Dickey,
Maine (Fig. 1, near 3ME-DB) appeared stable, but the
nine downriver subpopulations in river segments 2—4
have declined since surveys began in the 1980s, having
lost resilience to withstand stochastic ice scour and flood-
ing events (U.S. Fish & Wildlife Service 2018). In 2023,
the species was downlisted from Endangered to Threat-
ened under the U.S. Endangered Species Act (U.S. Fish &
Wildlife Service 2023), acknowledging improved protec-
tions at some sites. However, the species remains listed
as State Endangered in Maine, and recent observations
indicate that subpopulations are in general decline (E.
Doucette, pers. comm.). In Canada, P. furbishiae has been
designated as Endangered since 1980 (Stirret 1980) and
was listed as such under Schedule 1 of the Species at Risk
Act in 2003. Although a recovery strategy has been in
place in Canada since 2010, the species has experienced
significant demographic declines (Table 1). A 2025 cen-
sus revealed that two New Brunswick subpopulations are
now reduced to a few reproductive individuals (Medford,
n=1 and Stirret Preserve, n=3). Two more subpopula-
tions, Aroostook and Big Flat, which had two individuals
in 2018 (Aroostook) and 24 individuals in 2019 (Big Flat)
were extirpated in 2020 and 2025 respectively (M. Wil-
liams, unpublished).

The life history traits of P furbishiae combined with
changing disturbance regimes thus appear to have caused
a breakdown in historical metapopulation dynamics and
the active collapse of subpopulations (U.S. Fish & Wildlife
Service 2018). These trends underscore the need to under-
stand patterns of genetic diversity and population structure
in order to maintain the species’ evolutionary potential and
guide effective recovery planning (Frankham 2005).

Previous assessments of genetic variation using isozyme
markers found no polymorphism among 28 individuals
(Waller et al. 1987), and thus no evidence of population
structure. However, advances in sequencing technology
offer greater power for a re-evaluation of genetic diversity
and population differentiation across the species’ range.
Such insights are essential for informing in situ and ex situ
conservation efforts, including seed banking, propagation,
and enrichment planting—particularly as the species faces
continued habitat loss and the collapse of natural recoloni-
zation dynamics.

In this study, we assembled a draft genome of P
furbishiae  and  conducted  reduced-representation
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Table 1 Geographic information and population trends of P. furbishiae
subpopulations used in this study

Subpopu- Site name Province/  Status Coordinates®
lation ID State — N indi-
viduals in
2025%
IME-BB BigBlack Maine Good 46.96*°/—69.43*°
—unknown
2ME-CA Castonia  Maine Good 47.06*°/—69.27*°
—unknown
3ME-DB Dicky Maine Poor 47.11%°/-69.12*°
Bridge —unknown
4ME-PB Pelletier =~ Maine Fair 47.09*°/—69.01%*°
Brook —unknown
SNB-GF  Grand New Fair- 47.06*°/—67.78%*°
Falls Brunswick Increasing
—258
6NB-MD Medford New Poor-Near 46.88*%°/—67.69*°
Brunswick extirpation
-1
7NB-SP  Stirret New Poor-Near 46.84*°/—67.69*°
Preserve  Brunswick extirpation
-3
8NB-BF BigFlat  New Extirpated 46.82%°/—67.71*°

Brunswick -0
ONB-AR Aroostook New Extirpated 46.81*%°/—67.71*°
Brunswick -0
#Maine site status from U.S. Fish and Wildlife Service (2018). New
Brunswick status and census counts from 2025 surveys by M. Wil-
liams

® Due to the endangered status of the species, coordinates have been
approximated to avoid identifying the exact site locations

genotyping-by-sequencing (GBS) across individuals sam-
pled throughout the species’ range. Our objectives were to:
(1) assess levels of genetic diversity and inbreeding across
subpopulations; (2) characterize patterns of genetic structure
and connectivity between New Brunswick and Maine; and
(3) evaluate the implications of these patterns for conserva-
tion management. We specifically consider the potential for
genetic rescue through outcrossing and the development of
ex situ seed sources for enrichment planting. By establish-
ing genomic resources and baseline data for evolutionary
conservation biology (Ferriere et al. 2004), we aim to sup-
port evidence-based decision-making in the ongoing recov-
ery of this endangered species.

Methods
Genome assembly

Leaf tissue was sampled from a 2-year-old greenhouse
grown seedling out planted in a secure field bank. The seed
used to produce the plant originated from a seed lot col-
lected at the Grand Falls site in New Brunswick (SNB-GF).
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The leaf tissue was collected fresh and flash frozen directly
in liquid nitrogen and stored at —80°C upon return from the
field.

High molecular weight DNA was extracted from ground
leaves using the Circulomics Plant Kit (Pacific Biosci-
ences). Sequencing libraries were then made using the
ligation sequencing kit SQK-LSK110 (Oxford Nanopore).
Libraries were sequenced with eight sequencing runs using
five different PromethION flowcells model FLO-PRO002
with R9.4.1 chemistry. Short read libraries were constructed
using the NxSeq AmpFREE low DNA library kit (VWR:
CA10837-144) and sequenced on an Illumina NovaSeq S4
flowcell, 2% 150 bp. The long reads were assembled using
the flye assembler (Kolmogorov et al. 2019) followed by
four rounds of polishing with default parameters on the Illu-
mina short reads using Pilon (Walker et al. 2014). We then
ran purge dups (Guan et al. 2020) using the default cutoffs
to remove duplicated contigs.

We then searched and filtered the assembly for con-
tigs from contaminant organisms. FCS-GX (Astashyn et
al. 2024) removed 933 contigs with the EXCLUDE flag
(mainly proteobacteria and CFP group bacteria) and 627
contigs with the REVIEW flag (mainly insects and alveo-
lates). We then ran Kraken2 v2.1.3 (Wood et al. 2019) using
its complete database on the remaining contigs and dropped
an additional 3 contaminated contigs. Finally, genome com-
pleteness was assessed using BUSCO with eudicots_odb10
(Manni et al. 2021).

Subpopulation sampling and genotyping-by-
sequencing

We sampled leaf tissue from a total of 123 individuals
from four sites in Maine, USA (IME-BB, 2ME-CA, 3ME-
PB, 4ME-DB) and five sites in New Brunswick, Canada
(5NB-GF, 6NB-MD, 7NB-SP, 8NB-BF, 9NB-SP) in 2016,
2018, and 2019, prior to the current decline described in
Table 1. All tissue sampling was done with species-at-risk
permits obtained from the province of New Brunswick (NB
SAR18-027 and SAR19-020) and permissions from local
landowners in Maine and the Maine Natural Areas Program
(pers. comm. D. Cameron to PRN). No plants were sam-
pled from United States federal lands. DNA was isolated
from silica-dried or frozen leaves with the Plant DNeasy kit
(QIAGEN, Hilden, Germany) and 175-1,800 ng of DNA
per sample was sent to the University of Wisconsin Biotech-
nology Center DNA Sequencing Facility for genotyping-by-
sequencing (GBS) library preparation following the Elshire
et al. (2011), and sequencing. Samples were digested with
the ApeKI restriction enzyme, ligated with single-indexed
adapters, and sequenced (paired-end 150 bp) on the Illu-
mina NovaSeq 6000.

Sequence data preparation, genotyping and filtration
were done using scripts from STACKS v2.62 (Rochette et
al. 2019) and stacks workflow v2.62 (https://github.com/e
normandeau/stacks_workflow). Briefly, cutadapt v1.18 (-e
0.2 -m 50) was used to trim the paired-end reads for quality.
Samples were demultiplexed with process radtags v2.62
(-c -r -t 120 -q -s 0 --barcode dist 1 2 -E phred33 --renz_1
pstl --renz_2 mspl). We then aligned the raw reads to the
genome assembly using bwa v0.7.17-r1188 (-k 19 -¢ 500 -O
0,0 -E 2,2 -T 0; Li and Durbin 2009) and samtools v1.8 (-Sb
-q 1 -F 4 -F 256 -F 2048; Li et al. 2009) and then ran gstacks
(--max-clipped) and population (-p 1 -r 0.5 --ordered-export
--fasta-loci --vcf) to call SNPs.

After these STACKS steps, we used stacks workflow to
filter the SNPs as follows: We first filtered the SNPs (05_fil-
ter_vcf fast.py, params: 3 80 0 3) so that all the genotypes
had a minimum coverage of 3 and kept only SNPs for which
all the samples, considered as one group, had at most 20%
of missing data and for which at least 3 samples had the
minor allele. This dataset was used to get the proportion
of missing data per sample. Samples with more than 30%
of missing data (18 samples) were identified and removed,
and the vcf was filtered again in the same manner (05_fil-
ter_vcf fast.py, params: 3 70 0 2), so that all the genotypes
had a minimum coverage of 3 and we kept only SNPs for
which all the samples had at most 30% of missing data and
for which at least 2 samples had a copy of the minor allele.
Then, we evaluated pairwise relatedness (vcftools --related-
ness) and flagged one pair with a high value of 1.18—and
flagged the one with the most missing data for removal. We
assessed outliers for heterozygosity (vcftools --het) found
no aberrant individuals. With 19 individuals identified for
removal, we backtracked and excluded these from the origi-
nal VCF and applied one clean round of SNP filtering (05_
filter vcf fast.py, params: 3 70 0 2).

Next, we used a modified HD plot approach from Mack-
inney et al. (2017), to remove SNPs displaying signs of
paralogy or over-merging (scripts 08, 09 and 10 from
stacks workflow) and retaining only canonical SNPs,
referred to as singletons. In this workflow, we first gathered
the following statistics from the SNPs: median allelic ratio
of heterozygotes, proportion of heterozygotes, proportion of
homozygotes with the minor allele, global Fis, median gen-
otype coverage of homozygotes, and median genotype cov-
erage of heterozygotes. All these parameters were plotted in
a pairwise data in R and the procedure from Mackinney et
al. (2017) was used to identify paralogs. SNPs with an Fis
value lower than —0.4 were deemed as duplicated and those
with an Fis value lower than —0.8 as diverged, meaning that
they are duplicated but that the two separate copies each
have two identical alleles. SNPs with median genotype cov-
erages above 20 for homozygotes and 30 for heterozygotes
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were also removed as potential duplicates. SNPs with an
Fis value above 0.9 were deemed of low confidence since
they displayed a very high deficit in heterozygosity. SNPs
with medium allelic ratios above 0.8 or below 0.2 were
also filtered as low-confidence SNPs. After this, we had
4400 SNPs and 104 individuals. However, this SNP dataset
showed several artifacts, most notably a negative relation-
ship between observed heterozygosity and depth of cover-
age, which we then addressed through additional filtering.

To reduce biases in heterozygosity caused by depth of
coverage, we iteratively tested SNP filtering parameters
using both our STACKS dataset and an independently
assembled PyRAD dataset (Eaton 2014; Eaton and Over-
cast 2020). We evaluated minimum depth thresholds (six or
eight), a minimum allele count of two to four (= MAF 0.05),
and per-individual missing data thresholds (>50%), assess-
ing performance with ADMIXTURE likelihoods, heterozy-
gosity versus depth of coverage, and estimates of Fis.

Our final filters—MAC>4, minimum depth>6, and
exclusion of individuals and SNPs with >60% miss-
ing data—substantially reduced heterozygosity bias with
respect to coverage (Fig. S2) and produced consistent pop-
ulation structure across independent assemblies. The MAC
threshold had the largest impact on ADMIXTURE, with
low-frequency alleles introducing clustering instability;
however, the final dataset retained numerous private alleles
within subpopulations, preserving fine-scale structure.
After filtering, we obtained 152 SNPs and 69 individuals
(Fig. S3).

Population structure

Principal coordinates analysis (PCoA) was performed on
the full dataset using the dartR package (gl.pcoa() func-
tion; Gruber et al. 2018) and plotted 90th percentile ellipses
around each subpopulation (gl.pcoa.plot() function). PCoA
distances were calculated using loci shared between indi-
viduals, with missing genotypes excluded pairwise. We used
ADMIXTURE (Alexander et al. 2009) to investigate the
number of ancestral populations and admixture proportions
across sampled subpopulations. Here, we first used PLINK
(--indep-pairwise; Purcell et al. 2007) to prune SNPs in high
linkage disequilibrium within a sliding window of 100 kbp,
step size of 5 kbp, and 7 threshold of 0.2. This step removed
only one SNP. The number of ancestral populations were
determined via the ADMIXTURE cross-validation program
with major convergence criterion 10e ® and minor conver-
gence criterion of 10¢” 3. The different ADMIXTURE tests
for K=1-10 were run with GNU Parallel (Tange 2018). All
population statistics, structure, and isolation-by-distance
scripts are available at https://github.com/Erythroxylum/fu
rbishiae.
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We inferred a distance-based phylogenetic network using
SplitsTree CE 6.0.0 (Huson and Bryant 2006). The P Dis-
tance method (Hamming 1950) was used (default options)
so as to obtain a 69 x 69 editDistance matrix. The Neighbor
Net method (Bryant and Moulton 2004; Bryant and Huson
2023) was used (default options) so as to obtain 156 splits,
cyclic. The Show Splits method was used (default options)
so as to obtain a Split Network visualization.

Isolation-by-distance analysis

To assess isolation-by-distance (IBD), we conducted Mantel
tests comparing pairwise Slatkin’s linearized Fist values [Fst/
(1-Fst)] with geographic distances among subpopulations.
We calculated pairwise Fs¢ among the seven subpopulations
using the hierfstat R package (Goudet 2005) and the full
SNP dataset and calculated pairwise geographic distances
among subpopulations as great-circle distances with the
Haversine method (geosphere R package; Hijmans 2024).
The Mantel statistic reported is Pearson’s product-moment
correlation coefficient (r), which quantifies the linear associ-
ation between genetic and geographic distance matrices. We
conducted tests using both raw and natural log-transformed
geographic distances to evaluate the sensitivity of results to
spatial scale. To assess regional patterns of IBD, we per-
formed separate Mantel tests for all subpopulations, for the
four Maine (ME) subpopulations, and for the three New
Brunswick (NB) subpopulations. We also visualized IBD
relationships using linear regression of pairwise genetic
vs. geographic distances across all subpopulations and also
within and across regions (ME-ME, ME-NB, NB-NB, and
All). Figures were created with ggplot2 (Wickham 2016)
and combined using patchwork v1.3.2 (Pedersen 2025).

Genetic diversity and differentiation

We used the R package hierfstat (Goudet 2005) with the
full SNP dataset to calculate observed heterozygosity
within inferred populations and to assess within-population
gene diversity (following Nei 1987). To estimate nucleo-
tide diversity (m), we analyzed the assembled GBS loci
sequences retained in the final SNP dataset. Ambiguous
heterozygous sites were resolved through a random phas-
ing approach, in which alleles were randomly assigned to
two pseudo-haplotypes per individual. This process was
repeated across 1,000 iterations, with nucleotide diversity
calculated for the full set of phased haplotypes in each rep-
licate. We calculated the inbreeding coefficient (Fis; Nei
1987) and pairwise Fst across 1000 bootstraps using hierf-
stat to generate confidence intervals for these indices. We
calculated the number of private alleles in each population
using vef-contrast (Danecek et al. 2011).
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Whole genome demographic inference and
heterozygosity

We used the [llumina paired-end whole-genome sequenc-
ing data together with our genome assembly to reconstruct
historical demography with the Pairwise Sequentially
Markovian Coalescent (PSMC). Raw Illumina reads were
adapter- and quality-trimmed with fastp v0.23.4 (—quali-
fied quality phred 20, —cut mean quality 20, —trim_
poly g, —trim_poly x, —length required 35, —dedup; Chen
et al. 2018). Cleaned reads were mapped to the reference
genome with bwa-mem?2 v2.2.1 (Vasimuddin et al. 2019)
using default parameters, and alignments were sorted and
marked for duplicates using samtools v1.20 (Li et al. 2009).
We filtered BAMs to retain only primary, mapped, non-
duplicate reads (samtools view -F 3844). Depth distribu-
tions were calculated with samtools depth v1.20, and a BED
mask of outlier regions (coverage<10 or >60) was gener-
ated using bedtools v2.31.1 (Quinlan and Hall 2010). We
used an average effective coverage depth of 31.2x for snp
calling.

Variants were called with beftools v1.20 (mpileup -q 20
-Q 20 -C 50 | beftools call -mv), and an [UPAC-coded dip-
loid consensus sequence was built with bcftools consensus
v1.20 using the coverage mask (Li et al. 2009; Danecek et
al. 2021). The consensus FASTA was converted to FASTQ
with seqtk v1.4 (Li 2025; seqtk seq -F I) and FASTQ scaf-
folds less than 20,000 bp in length were removed to improve
model performance. Diploid FASTQs were converted to
PSMC input format with fq2psmcfa (part of psmc v0.6.5;
McVean and Cardin 2005; Li and Durbin 2011) using -q20
-g10000. The PSMC analysis was run with the standard
parameter set (psmc -N25 -t15 -r5 -p “4+25*2+4+6”), and
with other parameter sets (conservative “18+16*¥2+4+4”,
recent-focused “10¥1+14*2+4*4+10”, and aggressive-
recent “15*1+10*2+4*4+13”) to test for estimation arti-
facts in most recent time windows (Hilgers et al. 2025).
Results were plotted using our estimated seed-to-seed gen-
eration time of three years and the mutation rate of 7x 10’
based on rates for Arabidopsis thaliana (Weng et al. 2019).
Bootstrap replicates were generated with the same param-
eters. Plots were created with psmc plot.pl. Scripts for
this demographic inference pipeline are available at https
://github.com/Erythroxylum/psmc-pipeline. In addition to
demographic inference, we estimated genome-wide hetero-
zygosity by masking non-callable regions of the assembly
(BEDTools v2.31.1; Quinlan and Hall 2010) and restricting
variant calls to callable bases. Biallelic SNPs were extracted
from the whole-genome VCF wusing BCFtools v1.20
(Danecek et al. 2021), and heterozygous and homozygous-
ALT genotypes were tallied with bcftools query. Heterozy-
gosity was then expressed as the proportion of callable sites

that were heterozygous, scaled per site, using custom Bash
and Python scripts (available at https://github.com/Erythrox
ylum/genome-wide-Ho).

Results

Reference genome assembly and genotyping
individuals

Nanopore sequencing produced 65Gbp with 8 M reads (aver-
age read length: 7Kb) and short read sequencing produced
750 M read pairs. With the contaminant contigs removed,
the final polished assembly reached a total size of 3.2Gbp,
with an NG50 of 447Kbp in 1653 contigs. The deduplicated
assembly reached 2.7 Gbp. The BUSCO result shows 88%
complete single copy orthologs and 95% complete single or
duplicated orthologs (C:2213 [S:2056, D:157], F:16, M:97,
n:2326).

Genotyping-by-sequencing (GBS) yielded an average of
5.1 M reads per individual, ranging from 2.0 to 7.4 M reads.
The average proportion of reads successfully mapped to the
reference genome was 0.40, ranging from 0.21 to 0.67. After
quality controls, the GBS permitted confident genotyping of
69 individuals for 152 SNPs, 151 of which were determined
to be unlinked. This dataset had 23% missing data. The raw
sequence reads, genome assembly, and GBS data are avail-
able on NCBI via BioProject PRINA1322473.

Population structure

Cross-validation errors across ADMIXTURE models of
K=1-10 are lowest for K=4, followed by K=7 (Figs. S4,
S5). The genetic clusters at K=4 are structured geographi-
cally, with one in Maine (comprised of subpopulations 1IME-
BB, 2ME-CA, 3ME-PB, and 4ME-DB) and the other three
representing the distinct subpopulations in New Brunswick:
SNB-GF, 6NB-MD, and 8NB-BF (Fig. 2a). Individuals in
Maine show small (<14%) admixture proportions with the
8NB-BF ancestral genotype and the 6NB-MD ancestral
genotype. Five of the individuals in the SNB-GF population
show admixture proportions up to 48% with up to all three
of the other ancestral genotypes (Fig. 2a). Three individuals
in the 6NB-MD population show small admixture propor-
tions (< 15%) with SNB-GF and 8NB-BF, and the 8NB-BF
population shows no admixture with the other populations.
The K=7 model delimits each subpopulation as an ancestral
genetic group with two exceptions: individuals in 2ME-CA
are modeled as hybrids between 1 ME-BB and 3ME-PB, and
8NB-BF has two ancestral groups (Fig. 2a).

The first and second axes (Fig. 2b) of the principal coor-
dinates analysis represent over 35% of the total genetic
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Fig. 2 The population structure of P. furbishiae. The ancestral genetic
clusters inferred at K=4 group the Maine subpopulations together into
a single genetic population and the three New Brunswick subpopula-
tions into three genetic populations (panel a). The first and second axes

Table 2 Population differentiation. Confidence intervals (95%) of Fist
values from 1000 bootstrap pseudoreplicates

Population 8NB-BF SNB-GF 6NB-MD
(Big Flat) (Grand Falls) (Med-
ford)
SNB-GF (Grand Falls)  0.11-0.20 - -
6NB-MD (Medford) 0.22-0.36 0.04-0.09 -
Maine (all) 0.23-0.37 0.18-0.30 0.24-0.35

variance and separate the three New Brunswick subpopu-
lations. The third and fourth principal coordinate axes
(Fig. 2c) together explain 14.1% of the genetic variance
and separate three of the Maine subpopulations and 6NB-
MD. The 2ME-CA subpopulation is not distinct along these
multivariate axes and is nested or similar to all other ME
subpopulations.
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(panel b) and third and fourth axes (panel ¢) of the principal coordi-
nates analysis also reveal differentiation and genetic clustering cor-
responding with geographic subpopulations. Plots showing additional
axes are available in Fig. S6

Pairwise genetic differentiation (Fs¢) is moderate to high
across populations (Table 2). The greatest differentiation is
observed between Maine and New Brunswick subpopula-
tions (Fst=0.18-0.37) and between 8NB-BF and 6NB-MD
(Fst=0.22-0.36), while the lowest differentiation is between
SNB-GF and 6NB-MD (Fist=0.04-0.09), suggesting more
recent gene flow or divergence among the New Brunswick
populations. Estimation of Fst on the subpopulation level
also reveals high values: the lowest being Fst=0.15-0.37
for 2ME-CA and 4ME-PB, and the highest being Fst=0.43—
0.62 for IME-BB and 8NB-BF (Table S1). These patterns
are consistent with the geographic structuring observed in
the ADMIXTURE and PCoA analyses (Figs. 2; S6).

The NeighborNet network inferred with SplitsTree
explains 97.8% of the variance in the pairwise distance



Conservation Genetics (2026) 27:13

Page9of 17 13

matrix (Fit=97.8), indicating a close correspondence
between observed genetic distances and the inferred splits
(Fig. 3). Samples are clearly clustered into their respective
subpopulations and further grouped by genetic population
structure. One new pattern observed is the larger P distance
among 3ME-DB individuals indicated by long branches.

Genetic diversity

The genetic diversity of P. furbishiae is very low, with
pairwise nucleotide diversity (m) estimated at 0.030 and
genome-wide heterozygosity from the resequenced individ-
ual estimated at 4.47x 107*. Yet, all four focal populations
retain private alleles, revealing the persistence of distinct

genetic variants despite overall low diversity. The Maine
population (ME) exhibits the highest number of private
alleles (PA=40, N=18), followed by SNB-GF (PA=18,
N=21), 6NB-MD (PA=12, N=15), and 8NB-BF (PA=38,
N=15; Table 3).

Observed heterozygosity (Ho) ranges narrowly from 0.12
(6NB-MD) to 0.15 (8NB-BF), whereas gene diversity (Hs)
is highest in SNB-GF (Hs=0.22) and lower in the remain-
ing populations (Hs=0.18 in ME, 6NB-MD, and 8NB-BF).
These He and Ho estimates are based on the reduced SNP
dataset after stringent filtering and are therefore best inter-
preted in a comparative rather than absolute sense. The sub-
populations in Maine show lower gene diversity, with Hs
ranging from 0.11 to 0.18 (Table 3). Inbreeding coefficients
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Fig. 3 SplitsTree phylogenetic network inference of P. furbishiae indi-
viduals colored by subpopulation. The scale bar represents uncorrected
p-distance (proportion of nucleotide differences per site) between sam-
ples. The Fit value (97.8) indicates the percentage of variance in the

distance matrix explained by the network; higher values reflect a closer
correspondence between the observed pairwise distances and the splits
network
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Table 3 Comparative genetic diversity statistics among P. furbishiae
populations and subpopulations (N=number of individuals; PA=pri-
vate alleles; Ho=observed heterozygosity; Hs=gene diversity;
Fis=inbreeding coefficient 95% confidence intervals from 1000 boot-
strap pseudoreplicates)

Population N PA Ho Hs Fis

Maine (all) 18 40 0.13 0.18 0.14-0.38
IME-BB 4 3 0.09 0.11 —0.2-0.21

2ME-CA 3 0 0.10 0.12 —0.36-0.37
3ME-PB 6 10 0.18 0.18 —0.32-0.14
4ME-DB 5 12 0.13 0.14 —0.42-0.8

SNB-GF 21 18 0.13 0.22 0.32-0.49
6NB-MD 15 12 0.12 0.18 0.26-0.44
8NB-BF 15 8 0.15 0.18 0.00-0.31

Table 4 Mantel test of significant effect of isolation-by-distance

Comparison n Man- p-value log-trans- log
(pairs) tel r formed  p-value
Mantel
All subpopulations 21 -0.03 0.56 -0.01 0.52
ME subpopulations 6 0.68 0.17 0.64 0.21
NB subpopulations 3 -0.93 1.00 —0.87 1.00

(Fis) vary among populations; the lowest is in 8NB-BF
(Fis=0.00-0.31), suggesting minimal to moderate inbreed-
ing. By contrast, SNB-GF and 6NB-MD show substantial
heterozygote deficiency, with Fis ranging from 0.32 to 0.49
and 0.26-0.44, respectively. The ME population exhibits
intermediate Fis values (0.14-0.38), also consistent with
low to moderate inbreeding.

The K=7 ADMIXTURE model and the PCoA show
subpopulation structure within Maine (Fig. 2a). Popula-
tion genetics statistics within Maine reveal variability in
genetic diversity and inbreeding among sites. Observed
heterozygosity (Ho) ranges from 0.09 in IME-BB to 0.18

in 3ME-PB, whereas gene diversity (Hs) is generally low,
ranging from 0.11 to 0.18 across sites. The highest number
of private alleles is found in 4ME-DB (PA=12) and 3ME-
PB (PA=10), suggesting some genetic distinctiveness at
these sites despite their small sample sizes. Inbreeding
coefficients (Fis) vary widely among Maine subpopula-
tions, with negative to near-zero values at IME-BB (-0.20
to 0.21) and 3ME-PB (-0.32 to 0.14), indicating Hardy-
Weinberg equilibrium or a slight excess heterozygosity,
while more variable and positive estimates are found at
2ME-CA (-0.36 to 0.37) and especially 4ME-DB (-0.42 to
0.80), which show the widest range, potentially reflecting
a mix of related individuals or hidden structure at that site.

Isolation by distance

We found no significant evidence of isolation by dis-
tance when analyzing all seven subpopulations (Mantel
r = —0.03, p=0.56; log-transformed » = —0.01, p=0.52;
Table 4; Fig. 4). However, when analyzed separately, the
four ME subpopulations show a moderate positive Mantel
correlation (#=0.68), although not statistically significant
(»p=0.17), suggesting a possible IBD pattern at this scale.
By contrast, the three NB subpopulations show a negative
correlation (r = —0.93) that lacks statistical significance
(p=1.0; Table 4). These findings indicate that geographic
distance is not a strong predictor of genetic differentiation
across the full range. Linear regression lines are shown in
Fig. 4 to illustrate pairwise trends, but these are not equiva-
lent to the Mantel r statistics, which measure matrix-wide
correlations and are evaluated via permutation tests. These
patterns are consistent with the Maine subpopulations func-
tioning as a metapopulation.

Fig.4 Pairwise isolation by
distance (IBD) patterns among
Pedicularis furbishiae sub-
populations. Pairwise linearized
Fst values are plotted against 1.0
geographic distances (in meters)
between subpopulations. Lines
show linear regressions for each
regional comparison group: ME—
ME (blue), ME-NB (orange),
NB-NB (red), and all pairwise
comparisons combined (black).
Note that the linear regres-

sion lines shown here are for
visualization only and are not
equivalent to the Mantel r statis- ®
tics in Table 4, which are based
on matrix correlations using 0.4
permutation tests
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Demographic inference

The PSMC model provided a robust estimate of demogra-
phy between ca. 1,100-200,000 YBP (Fig. 5), in which an
effective population size (N,) of ca. 17,000 was relatively
stable during a period of 100,000-200,000 YBP, followed
by a decline during the period synchronic with the Wiscon-
sin glaciation (75,000-11,000 YBP), when N, dropped to
ca. 2,800 by ca. 13,000 YBP. The model then infers a slight
increase in N, to ca. 4,000 at ca. 6,000 YBP followed by a
drop to N.=2,800 at ca. 2,200 YBP. Bootstrap pseudorepli-
cates (n=100) closely match the primary inference. Mod-
els across the four different parameters were remarkably
consistent.

Discussion
Historical and evolutionary context

Our genomic analysis provides new insights into the past,
present, and precarious future of Pedicularis furbishiae.
Prior phylogenetic studies showed it to be most closely
related to western North American alpine taxa (P. bracteosa
and P, rainierensis, the latter another narrow endemic) and
the boreal species P. capitata, in a lineage that migrated
from Asia across Beringia (Robart et al. 2015). It thus
appears that P. furbishiae has arctic-alpine ancestry and an
evolutionary history intimately linked to the glacial cycles

of the Quaternary, during which it may have evolved its
particular and very specific niche requirements. Our infer-
ences of historical demography indicate that its population
size declined and has remained low since the last glacial
maximum (Fig. 5), perhaps due to reductions in the avail-
ability of ice-scoured riverbanks driven by forest succes-
sion and hydrological changes in the current interglacial
period. The cumulative evidence suggests that P. furbishiae
is a glacial relict, surviving tenuously in an ecologically
fragile habitat.

Contemporary genetic structure

Our population genomic results reveal how this historical
backdrop and the species ecological characteristics have
shaped contemporary genetic structure. The species main-
tains low genetic diversity across its range that is structured
into four genetically isolated populations: one in Maine and
three in New Brunswick (SNB-GF, 6NB-MD, 8NB-BF). We
also detect substructure among Maine sites. These findings
build upon an earlier genetic study based on isozymes that
did not detect any polymorphism (Waller et al. 1987) and
underscore the value of genomic approaches. Low genetic
diversity, however, does not by itself equate to reduced fit-
ness. While it constrains adaptive potential, persistently small
effective population sizes can facilitate purging of deleterious
alleles, reducing genetic load (Robinson et al. 2022). Thus,
low diversity in P. furbishiae likely reflects its long-term
demographic history rather than imminent genetic collapse.
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Fig. 5 Demographic history of Pedicularis furbishiae inferred with
the Pairwise Sequentially Markovian Coalescent (PSMC) under the
standard parameter set (-p “4+25*2+4+6”). Analysis was performed
using Illumina whole-genome resequencing data mapped to the P,
furbishiae reference genome. Time is scaled with a generation rate of
three years and a mutation rate of 7x10-9. The bold red line indi-

cates the main PSMC run and the light red lines plot the 100 bootstrap
runs. The period of the Wisconsin glaciation is indicated in light blue,
with the Wolastoq becoming ice-free 1,100-1,400 YBP (Dalton et al.
2020). Spikes in effective population sizes (N,) prior to 1,100 YBP and
beyond 150,000 YBP reflect methodological limits rather than robust
demographic inferences
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Maine metapopulation dynamics versus New
Brunswick breakdown

Our results support a model in which this early-successional
specialist has historically persisted as a dynamic meta-
population, with ephemeral subpopulations ‘blinking in’ to
connect others before ‘blinking out” as they were replaced
by ecological succession or stochastic hydrological events
(Marsh and Trenham 2001). In Maine, several lines of evi-
dence point to functioning metapopulation dynamics. The
four subpopulations show relatively low genetic diversity
(average Hs=0.18; Table 3), yet they cluster together as
a single genetic group at K=4 in ADMIXTURE, group
tightly along the first two axes of the PCoA (Fig. 2) and
share reduced branch lengths in the splits network (Fig. 3).
Substructure detected at K=7 highlights localized differen-
tiation, with 2ME-CA appearing as a hybrid between 1ME-
BB and 4ME-PB, suggesting that recent or ongoing gene
flow continues to link sites. Moderate Fst values among
Maine subpopulations (Table S1) together with a positive
correlation between genetic and geographic distance further
support partial differentiation with some genetic connectiv-
ity (Fig. 4). Although the Mantel test did not recover a sta-
tistically significant isolation-by-distance pattern (Table 4),
likely due to the small number of sites, the overall evidence
suggests that Maine subpopulations retain sufficient con-
nectivity to function as a metapopulation.

In contrast, New Brunswick subpopulations show no evi-
dence of such connectivity. Genetic clusters at both K=4
and K=7 analyses, clear separation in the PCoA (Fig. 2),
and long branches in the splits network (Fig. 3) all point
to pronounced isolation. Pairwise Fst values are high (up
to 0.37; Table 2), and the linearized Fist and geographic
distance relationships and Mantel test showed a negative,
non-significant correlation among New Brunswick sites,
indicating no predictable relationship between genetic and
geographic distance (Table 4; Fig. 4). These findings sug-
gest that natural metapopulation dynamics have effectively
broken down in New Brunswick, leaving its few remaining
subpopulations genetically isolated and demographically
vulnerable.

Gene flow and demographic constraints

Pairwise Fst values confirm strong differentiation between
Maine and New Brunswick subpopulations (0.18-0.37;
Table 2), consistent with limited historical connectivity
across the border. ADMIXTURE analyses detected small
proportions of shared ancestry in a few individuals (Fig. 2a),
but these signals appear unstructured and potentially inci-
dental. Rather than indicating ongoing seed dispersal or
colonization, such weak admixture underscores the absence
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of effective gene flow and does not support the potential for
natural establishment of new sites or replenishment of exist-
ing ones.

Once-abundant subpopulations like Stirrett Preserve and
Aroostook, which held over 100 and 300 individuals per
subpopulation two decades ago, are now either functionally
extirpated or contain very few individuals, reflecting the
boom-and-bust dynamics typical of species reliant on sto-
chastic disturbance regimes (New Brunswick Department
of Natural Resources and Energy Development 2023; Gyll-
strtom 2021). New Brunswick subpopulations have experi-
enced further decline and the species is closer to extirpation
in the province. The 2025 census revealed that the Grand
Falls subpopulation now harbors the majority (98% or 258
plants) of all known New Brunswick individuals, with only
1 individual found in the Medford subpopulation and three
other plants are known from the Stirrett Preserve.

We did have one individual from each of the 7NB-SP
and INB-AR sites pass our filtering steps, but they were
excluded from our final analyses due to concerns that human
transplanting activities may have caused the observed
genetic affinities with Maine genetic groups (Fig. S7). Spe-
cifically, this observation was linked to the hypothesis that
gravel and seeds from Maine were brought to Aroostook as
fill for the railroad, and that the Stirret Preserve subpopu-
lations might have been bolstered by previous, unrecorded
enrichment planting with seed sources from Maine.

Natural recolonization of New Brunswick sites now
appears highly unlikely. Over the last 20 years or so, no new
subpopulations have been found in the province. Seed dis-
persal is largely limited to floating scapes severed by rabbits
or other herbivores, but ADMIXTURE shows little evi-
dence of downstream dispersal (Fig. 2a). The Grand Falls
dam further isolates upstream and downstream habitats.
Causes of recent NB crashes include ice scour at Big Flat—
where the subpopulation site was scoured down to bare
rock. At Aroostook and at Medford we have observed suc-
cession and alder encroachment which have lead to debris
accumulation and plant loss. At Stirret Preserve, soil erosion
and alder encroachment has kept the subpopulation at low
levels with no signs of expansion even though the remaining
plants are mature and have flowered over the years.

Data limitations and strengths

Our current dataset was sufficient to resolve population
structure and reveal conservation-relevant patterns, but its
scope was limited for analyzing finer-scale landscape genetic
processes, hydrological dynamics, and the genomic basis of
adaptation. The relatively small number of SNPs retained
(152) reflects the stringent filtering needed to obtain a reli-
able core of loci with confident genotype calls. While much
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of the raw dataset was removed due to low coverage, con-
tamination (particularly in some Maine samples collected
later in the season), and the species’ overall low genetic
diversity, the curated dataset nonetheless revealed clear
population structure and meaningful within-site variation.

Conservation actions and ecological considerations

Together, these findings call for proactive conservation
strategies. The population structure we documented (Fs¢
up to 0.37) supports the inclusion of individuals from all
subpopulations in field banks to maximize diversity and
the potential benefits of subpopulation mixing. Unlike
a homogeneous system where seed could be bulked and
planted at random, the presence of structure means that field
banks should be designed to track flowering and produc-
tivity within and across subpopulation cohorts, ensuring
opportunities for open pollination and monitoring potential
fitness effects. This aligns with established genetic rescue
principles, in which mixing distinct but not overly divergent
lineages can increase heterozygosity and enhance adaptive
potential (Thrall et al. 1998; Frankham et al. 2011). How-
ever, as we explain toward the end of this section, we have
not actually observed any signs of inbreeding depression.
Additionally, while disruption of local adaptation is not
an initial concern, seedlot mixing across subpopulations
should buffer against outbreeding depression or total popu-
lation failure. Fist results could also guide the proportion of
populations to use in a mix (Bucharova et al. 2019).

Our demographic analysis provides further guidance for
restoration. Our PSMC analysis suggests that an effective
population size of ~3,000 individuals, which was inferred
to be a relatively stable population from 11,000 to 1,100
YBP, may represent a demographic target for sustaining
metapopulation dynamics in New Brunswick. Although
this estimate is based on a single Grand Falls genome, rese-
quencing of Maine individuals would allow comparison and
refinement of demographic goals.

Ultimately, the persistence of P. furbishiae in the face of
climate-driven habitat volatility will depend on reestablish-
ing gene flow and demographic redundancy by increasing
habitat connectivity across its range. In the absence of natu-
ral recolonization dynamics, this will require conservation-
ists to simulate metapopulation processes through strategic
sourcing, propagation, habitat restoration, and enrichment
planting. In line with this need, current recovery plans in
New Brunswick call for reintroduction at extirpated sites,
augmentation of existing stands, and the creation of novel
populations along the Wolastoq and potentially other tribu-
taries (Winton et al. 2024).

Fortunately, a conservation program was initiated by Nat-
ural Resources Canada in 2018, in collaboration with New

Brunswick partners, to safeguard and restore P. furbishiae
before the most recent demographic collapse. Seed sources
from three Canadian subpopulations (SNB-GF, 6NB-MD,
and 8NB-BF), along with material from Maine, were suc-
cessfully collected and preserved through cryogenic stor-
age. In parallel, secure field banks were established to
maintain living collections representing each New Bruns-
wick subpopulation, supplemented with individuals from
Maine to ensure redundancy. These field banks now provide
a crucial reservoir of viable seed and plants for propagation
and future restoration efforts (Fig. 6).

Observations on seed viability and fitness results from
this project are encouraging as they do not seem to indi-
cate any inbreeding depression. Seeds collected from the
field have proven viable and were the initial plants trans-
ferred to the field banks. Conversely, open-pollinated field
bank crosses show no evidence of outbreeding depression
to date (M. Williams, unpublished) as F1 generation seed
sources have successfully germinated and produced viable
plants that have themselves matured and produced viable
F2 plants, though continued monitoring is essential. These
results indicate that ex situ propagation can effectively
combat demographic collapse if integrated with in situ
restoration.

Over time, these genetically enriched seed sources will
serve as the foundation for two key restoration efforts: (1)
reinforcing existing subpopulations in viable habitat and
(2) establishing new populations in suitable but currently
unoccupied sites. Together, these efforts aim to increase
subpopulation redundancy along the Wolastoq (Saint John
River) and gradually re-establish a self-sustaining meta-
population with increased connectivity. Adaptive manage-
ment approaches, including planting trials and longitudinal
monitoring, will be essential to track performance, detect
unintended outcomes, and iteratively refine strategies.

Future directions

At the landscape scale, the persistence of P. furbishiae will
depend on reestablishing metapopulation dynamics. The
genomic resources generated here provide a critical baseline
for understanding genetic diversity, ecological processes,
and recovery planning. To improve our characterization of
metapopulation dynamics and environmental factors such
as ice-scour, future work should focus on resequencing
individuals from Maine to refine demographic inference,
developing environmental and hydrological models affect-
ing P. furbishiae s goldilocks zone between the river’s edge
and the tree line, and developing chromosome-scale assem-
blies for functional genomic research. Crossing with closely
related Pedicularis species could be considered if inbreed-
ing depression emerges.
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Fig. 6 Ex situ enrichment program at Natural Resources Canada in
Fredericton, New Brunswick. Seeds and capsules from a single mother
plant prior to cryogenic preservation (panel a). Propagation of P. fur-
bishiae plants with characteristic dissected leaves grown from seed

Because natural recolonization is constrained by limited
dispersal and the Grand Falls dam, reintroduction efforts in
New Brunswick will need to simulate natural connectiv-
ity through targeted planting and seed sowing. Because the
Grand Falls dam represents a major barrier to downstream
dispersal, replanting seeds just below the dam could help
re-establish natural propagule flow by allowing seeds to
float to downstream New Brunswick sites, simulating the
species’ historical dispersal pathway. Time-series maps of
riverbank disturbance and scouring intensity would greatly
aid this process by identifying patches of recently created
habitat unlikely to be scoured again in the near term. Further
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with its chosen host showy tick trefoil (Desmodium canadense; panel
b). After 5 weeks, seedlings are transferred from their individual cells
into 4 inch square pots (panel c), before being transferred to the field
bank (panel d)

landscape genetic analyses could help quantify typical dis-
persal distances and identify barriers or corridors to gene
flow, thereby informing the optimal placement of future
restoration and reintroduction sites. In addition, host plant
availability is likely to influence colonization success. While
propagation experiments show that P, furbishiae can survive
on a variety of hosts and even without one, field associations
remain poorly understood. Restoration efforts may benefit
from pairing transplants with compatible hosts that are also
native to the habitat such as Desmodium canadense, which
could improve establishment and long-term survival in dis-
turbed habitats.
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Conclusion

Our study shows that genetic variability in the species is
largely structured by geography, unsurprising given the
clustered nature of individuals into subpopulations along
the Wolastoq. The ex-situ conservation measures thus far
also indicate that demographic rather than genetic collapse
is the more pressing concern in the recovery of P. furbishiae.
Taken together, this suggests that human intervention could
reverse the demographic collapse observed in the lower sec-
tions of the Wolastoq through targeted population enrich-
ment and could prevent the extirpation or extinction of this
narrowly distributed relic species.
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