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Summary

e Autonomously self-fertilizing plants possess disproportionate abilities to found populations.
Viewed from the metapopulation perspective, founding events should be frequent in such
plants, but the intensity and timing of bottlenecks and recovery should vary among popula-
tions. We tested the hypothesis that variation in these demographic characteristics in one such
species helps to explain variation in levels of genetic diversity and population genomic signa-
tures of inbreeding, relative recombination, and microscale spatial genetic structure.

¢ We used reduced-representation sequence data from 11 populations of the dimorphic cleis-
togamous (CL) species Impatiens capensis, a species that has figured prominently in evolu-
tionary studies. The populations occur in a landscape where suitable habitat is fragmented.

e Population genomic analyses revealed significant among-population variation in demo-
graphic history, genetic diversity, inbreeding, relative recombination, tracts of homozygosity
by descent, and spatial autocorrelation of genotypes at microgeographic scale

e Our findings support the hypothesis that variation in the intensity of bottlenecks and length
of the postbottleneck recovery phase in autonomously self-fertilizing plants leads to variation
in genetic diversity and a suite of associated population genomic signatures of inbreeding. We
suggest that these findings have consequences for understanding evolutionary processes and

guiding conservation strategies in fragmented habitats for dimorphic CL species.

Introduction

Plants that autogamously self-fertilize (self-fertilize without pollen
vectors) are unusually good population founders, an empirical regu-
larity that has been referred to as ‘Baker’s Law’” (Baker, 1955; Pan-
nell er al, 2015). Founding events impose population size
bottlenecks that are expected to leave genomic signatures such as
elevated inbreeding, reduced diversity, extended linkage disequili-
brium (LD), runs of homozygosity, reduced recombination, and
fine-scale spatial clusters of related individuals (Wright, 1931; Sokal
& Wartenberg, 1983; Nordborg, 2000; Ceballos ez al, 2018).
Populations that undergo founding events characterized by more
severe bottlenecks and shorter postbottleneck recovery periods
should show the strongest such signatures compared with those
with less severe bottlenecks and longer postbottleneck recovery peri-
ods (Pannell & Barrett, 1998; Pannell & Chatlesworth, 2000).
Although these patterns are expected from population theory, there
are few empirical investigations that have investigated them across
wild populations of the same species. We propose that dimorphic
cleistogamous (CL) plant species are excellent model organisms for
testing this relationship because of the clear ability of plants to
undergo autonomous self-fertilization as well as outcross.

© 2026 The Author(s).
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Dimorphic cleistogamy is a form of phenotypic plasticity in
which a single individual can give rise to two or more distinct
floral phenotypes. These are CL flowers, which are highly
reduced in size, remain closed and self-pollinate autonomously,
and chasmogamous (CH) flowers, which are not reduced in size
and open, allowing cross-pollination typically by attracting polli-
nators. Dimorphic cleistogamy fits into the more general class of
developmental plasticity referred to as ‘polyphenisms’ (Nijh-
out, 2003). Dimorphic cleistogamy is one of the most taxonomi-
cally widespread reproductive polyphenisms in the flowering
plants (Culley & Klooster, 2007). It is found in ¢ 167 genera
and 40 families (Culley & Klooster, 2007).

As in the case of many other polyphenisms, in dimorphic CL
species, the phenotype (production of both CL and CH flowers
on the same plant) is ecologically responsive (Schoen & Lloyd,
1984; de Jong & Klinkhamer, 2005; Culley & Klooster, 2007).
Investment in CH vs CL reproduction varies both temporally
within individual plants and among plants in response to light
availability, temperature, soil nutrients, and plant density. It has
been demonstrated that this plasticity generates variation in indi-
vidual inbreeding, from highly inbred to completely outcrossed
individuals. What is not yet well-understood is whether
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dimorphic cleistogamy is associated with variation in inbreeding
levels and associated population genetic characteristics at the
interpopulation level, what mechanisms generate this variation,
and how it affects evolutionary dynamics.

In this study, we focus on metapopulation dynamics as a driver
of population-level variation in inbreeding and genetic diversity
in a species in which plants autogamously self-fertilize via cleisto-
gamy. We study the iconic, dimorphic CL species Impatiens
capensis to test for variation in the intensity and duration of
population bottlenecks and the postbottleneck recovery period,
and how this variation relates to population genomic signatures
of inbreeding. We examine a set of 11 populations originally
investigated by Toczydlowski & Waller (2019) that vary widely
in population-level inbreeding. Population genetic divergence
among these populations is pronounced and appears to have been
driven by genetic drift and isolation. We extend the analysis of
these populations to include reconstruction of demographic his-
tories, and we examine measures of inbreeding, genetic diversity,
relative recombination, and microscale spatial patterns of genetic
relatedness. If founding events are indeed common, with local
populations blinking on and off within a larger metapopulation,
we expect to see variation in demographic histories among popu-
lations. Moreover, if these founding events are reinforced by
autonomous selfing, we expect to find a strong relationship
between the intensity and/or duration of founding events and
genomic signatures of inbreeding. Our results generally support
these expectations. We discuss them in relation to the adaptive
potential and the conservation value of individual populations.

Materials and Methods

Reference genome

We assembled the Impatiens capensis reference genome (696 Mb)
from DNA extracted from a single, inbred plant located in Glen
Sutton, QC, Canada. The reference genome is principally made
up of 10 chromosome-sized scaffolds that encompass over 95%
of the total estimated genome, with a complete BUSCO of
99.2%. Schoen & Speed (2024) provide additional details of the

reference genome.

Population sampling and genotyping of plants

The 11 populations of /. capensis studied occur in remnant flood-
plain forests and marshes in the US state of Wisconsin as
described by Toczydlowski & Waller (2019; Fig. 1). This portion
of the native range of 1. capensis was covered by the Laurentide
ice sheet, which receded from these sites 10 000 to 7500 years
ago (Dyke, 2004). I capensis, like other lowland colonizers, inha-
bits dynamic environments characterized by frequent flooding
disturbance, which may lead to frequent natural population turn-
over (Menges & Waller, 1983; Johnson ez al., 2014). Land con-
version, the height of which occurred between 1850 and 1930,
and reductions in flooding due to damming have since reduced
suitable habitat and led to notable declines in lowland plant spe-
cies in this region (Waller & Rooney, 2008; Johnson
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et al., 2016). The sites studied here vary in patch size and degree
of habitat fragmentation, but all are relatively small and
embedded within a matrix of industrial-scale agriculture and
urban development (Toczydlowski & Waller, 2019). These sites
span a range of environmental conditions from marshes in full
sun to closed canopy mixed conifer swamps. Additional details
on site and morphologic characteristics for the populations are
available in Toczydlowski & Waller (2019, 2022).

Depending upon the population, 24 or 25 individual plants
were sampled at random from within a 1.5 X 10 m plot in each
population for sequencing. The individual spatial coordinates of
the sampled plants within each plot were recorded (to 5-cm reso-
lution) in six of the populations. We used these to examine the
degree of intrapopulation spatial autocorrelation of genotypes
(discussed later in this study). Sequence data were obtained from
leaf tissue using a genotype-by-sequencing (GBS) protocol and
1 X100 bp sequencing on an [llumina HiSeq 2000. Toczy-
dlowski & Waller (2019) provide full details of plant sampling,
tissue storage, DNA extraction, and sequencing.

We used the FASTQ files described in Toczydlowski & Wal-
ler (2019) and archived under NCBI BioProject PRINA524160
(SRP186790) as the starting point for our analyses. We ran TRIM-
MOMATIC v. 0.38 (Bolger ez al., 2014) to remove adapters, trim
low-quality bases, and discard reads below 36 bp. We mapped
the remaining reads to the Schoen & Speed (2024) reference gen-
ome using Bwa v. 0.7.17 (Li & Durbin, 2009), sorted them with
SAMTOOLS, and removed PCR duplicates using GATK MARKDUPLI-
CATES (GATK v. 4.2.3; Van der Auwera & O’Connor, 2020).
Starting with the BAM files, we automated the pipeline using
SNAKEMAKE v. 9.4.0 (Molder et al., 2021).

We used GSTACKS (STACKS v. 2.52; Catchen et al., 2013) to fil-
ter out low-quality alignments (reads with insufficient mapping
quality or extensive soft clipping), build loci, and call genotypes.
We retained loci present in at least 75% of the individuals within
each population and across all 11 populations (filtering per-
formed using STACKS-POPULATIONS). We removed loci showing
excessive heterozygosity (> 0.5) to avoid issues arising when gene
duplicates cannot be distinguished. For all analyses, we used the
full single nucleotide polymorphism (SNP) dataset, except in
the case of the spatial autocorrelation analyses, where we thinned
the dataset to one SNP per locus (will be discussed later). We
used a custom Python script to run VCFrooLs v. 0.1.13 (Dane-
cek er al., 2011) to separate the genotype data into single popula-
tion VCF files, yielding the final variant set for downstream
analyses. At the end of this pipeline, we retained all 270 indivi-
duals (none dropped due to low coverage) and 32 239 SNPs.

Demographic histories of populations

We used EASYSFs v. 0.0.1 to obtain the folded site frequency spec-
tra (SES) for each population. As input for the demographic
modeling software DADI v. 2.4.0 (Gutenkunst ez al., 2009), we
used the folded SFS, projected to 24 site frequency classes to keep
all SES the same dimensions. We tested three contrasting demo-
graphic models. These include the following: (1) ‘Constant
population size’; (2) ‘Population size change’; and (3) ‘Bottleneck

© 2026 The Author(s).
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Fig. 1 Locations and code names of the 11

populations of Impatiens capensis investigated

in this study (black points) in Wisconsin, USA. 43°N

Populations are in remnant patches of suitable
habitat that are embedded in a matrix of
agricultural and urban development (orange
pixels; blue represents open water and white
represents all other land classes) as defined in
the Wiscland 2 Land Cover database (Wisconsin

DNR, 2016). Pixels are shown at 500-m
resolution (downsampled from the original 30-m
resolution).

89°W
Longitude

Table 1 Three flavors of demographic models applied to each of 11 populations of Impatiens capensis, including the parameters estimated by each model

and the pabi boundary settings used in likelihood estimation.

Model Estimated parameter Definition Lower bound Upper bound
Constant size v Constant population size relative to N, 1e-6 100
Size change VE Final population size after growth, relative to N.¢ 1e-6 100

T Duration of exponential size change (in N,ef generations) 1e-6 5
Bottleneck + size change g Population size during bottleneck (relative to Nif) 1e-3 50

Ts Duration of bottleneck (in N, generations) 0.005 5

Vp Final size after growth (relative to Nief) 1e-6 100

Te Duration of post-bottleneck growth phase (in N generations) 0.01 5

+ population size change’ (Table 1). The ‘Constant size’ model
assumes a single panmictic population of constant effective size
N throughout its history. The single estimated parameter is the
relative population size v (scaled to a reference size Vyf). The
‘Population size change’ model assumes that the population size
changed exponentially from size N ¢ in the past to vy in the pre-
sent. Two parameters are estimated in this case: 7', the duration
(in coalescent time units, i.e. 2N, generations) over which
exponential growth or decline occurred, and vg, the final popula-
tion size relative to N,f. The ‘Bottleneck + size change’ model
includes a period of constant size change (bottleneck) followed

© 2026 The Author(s).
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by exponential growth or decline. The population is reduced to
size vg for duration 73, then changes in size exponentially for
duration 7§ to a final size vg.

Unlike some other simulation-based packages for the analysis of
demographic history, papt allowed us to incorporate the observed
inbreeding coefficients directly into the demographic models used
for parameter estimation. We used median Fg for each population
as estimated by PLINk (will be discussed later). By incorporating
inbreeding coefficients, we have effectively informed DADI to replace
the normal Hardy—Weinberg sampling step (i.e. conversion of a
population allele-frequency density into an expected sample SES by
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binomial sampling) with an inbred sampling rule in which the two
alleles within each diploid individual are positively correlated with
correlation Fg. This allows DADI to attribute heterozygote deficits
(and the resulting SFS distortions) to inbreeding rather than forcing
the demographic parameters to explain them. Blischak ez 4/ (2020)
showed that such inclusion of Fg in demographic reconstruction of
partially inbreeding populations improves model parameter estima-
tion accuracy. Under this framework, allele-frequency change is
assumed to follow a neutral diffusion process, and departures from
Hardy—Weinberg expectations attributable to inbreeding are
accounted for through Ag (Gutenkunst ez 4, 2009). The analysis
further assumes that individuals were sampled from a single popu-
lation with no additional unmodeled substructure or family-level
relatedness and that the folded SFS provides an accurate summary
of allele-frequency variation across independent sites (Gutenkunst
et al., 2009).

We ran individual runs of DADI with optimization settings of ‘-
--reps 50 --timeout 600 --maxiter 1500 --pts 80,100,100’. To
help ensure that runs of DADI gave maximum likelihood estimates
that did not reflect poor optimizations (e.g. local maxima), we
ran the program 500 times for each population (with a different
starting point for likelihood surface exploration each time) and
recorded the results (log likelihoods, AIC values, and the vector
of parameter estimates). We retained as the final vectors of para-
meter estimates those with the highest likelihoods.

Previously published work explicitly focused on understanding
population differentiation, divergence, and gene flow among
these populations found them to be strikingly distinct from one
another with limited to no gene flow among them (Toczydlowski
& Waller, 2019). Mean pairwise Fst between populations ranges
from 0.12 to 0.38 using the SN dataset for the present analyses
(Fig. S1). We thus restricted our demographic inferences to mod-
els that considered single populations, one at a time, rather than
multipopulation models based on joint SFS models. Multipopu-
lation models allow inference of divergence and migration among
populations, but the number of parameters that must be simulta-
neously estimated to do so increases quickly (Beichman
et al., 2018). Moreover, in attempting to analyze our data using
such multipopulation models using the relatively modest number
of SNPs available with RAD-sequencing, we encountered large
SEs around all parameter estimates as well as unstable likelihoods.
This is expected in likelihood estimation when model complexity
(numbers of parameters) is increased beyond the scale of the data,
and so we did not pursue these models further.

To account for possible nonindependence among loci due to
LD, we estimated the SE of demographic parameters using a
delete-m group jackknife applied to the SES of each population.
The SES was first partitioned into nonoverlapping B blocks, each
representing a spectrum of ¢. 50 SNPs generated with a custom
script. Each block was constructed from consecutive SNPs in the
population VCF file to ensure consistent sample size and projec-
tion across loci. For each population, parameter estimation was
conducted using the ‘Bottleneck + size change’ model in DADI
with the inbreeding coefficient (/s) fixed per population as
described previously. We then implemented a delete-m jackknife
procedure in which groups of 7 blocks were omitted in turn and
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the model was then re-optimized on the remaining (B— m)
blocks. This was repeated over all possible leave-out groups,
where m=25 (c. 4% of the data per replicate), yielding sets of
parameter estimates across replicates. The method reduces down-
ward bias in variance estimates that would result if linked SNPs
were treated as independent (Loh ez al., 2010).

Polymorphism levels and inbreeding coefficients

We calculated absolute 7, mean pairwise heterozygosity (or the
probability that a pair of alleles sampled at random from two
individuals in a population will be different) using custom R
scripts following Hancock ez al. (2024) (i.e. one minus Eqn 3 in
Hancock ez al., 2024). We included all variant and invariant sites.
We accounted for the missingness inherent in reduced-
representation sequence data by defining the denominator for 7
as the total number of base pairs cogenotyped for each pair of
individuals. We then calculated mean absolute 7 for each popula-
tion and globally across all populations.

We also calculated the percentage of SNPs that were fixed
(invariant) within each population using a custom R script.
Lastly, we calculated inbreeding coefficients using PLINK v. 1.9
(Purcell ez al., 2007) with the ‘~het’ command. Plink computes
observed and expected autosomal homozygous genotype counts
for each individual and provides method-of-moments inbreeding
coefficient estimates per individual (Fg), which measure the
reduction in heterozygosity of an individual relative to its subpo-
pulation. Because the distributions of per-individual Fs values
are skewed, we used the median to characterize levels of inbreed-
ing in each population, referred to hereafter as Fs.

Linkage disequilibrium and recombination

We calculated pairwise LD for individual SNPs using the mea-
sure 7 (Hill & Robertson, 1968) with PLINK, evaluating SNPs
separated by one million bp or less. We analyzed LD decay with
distance between SNPs by fitting * values to inter-SNP distances
in base pairs. We estimated the population size-scaled recombina-
tion parameter (p = 4/N.7, where r is the per-generation recombi-
nation rate per bp) from the theoretical LD decay curve (Weir &
Hill, 1986) using nonlinear least squares with the z/s function in
the R sTATS package (v. 4.3.2; R Core Team, 2023).

Runs of homozygosity by descent

We analyzed runs of homozygosity by descent (HBD) for each
population using the R package RzZOOROH v. 0.3.2.1 (Druet &
Gautier, 2017). RZOOROH uses a hidden Markov model (HMM)
to identify HBD regions and outperforms PLINK when marker
density is low, as in the case of reduced-representation sequencing
(Druet & Gautier, 2017). Lavanchy & Goudet (2023) showed
via simulation that RZOOROH can reliably estimate HBD para-
meters at densities as low as two SNPs per Mb. In our study,
marker densities ranged from 9 to 14 SNPs per Mb.

To estimate the distribution of HBD segment sizes, we fol-
lowed guidelines described by Druet & Gautier (2017) and
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Table 2 Demographic parameter estimates and jackknife standard errors (in parentheses) for the 'Bottleneck + size change’ model,” estimated using pAoi.

Population size during bottleneck (vg)

Population size postbottleneck (v¢)

Duration of Duration of postbottleneck
Population2 bottleneck (Tg) size change (Tg)
KR 0.035 (0.108) 0.094 (0.404)
AL 0.023 (0.045) 0.088 (0.040)
FW 0.025 (0.026) 0.090 (0.067)
4079 0.030 (0.106) 0.088 (0.313)
4081 0.024 (0.054) 0.089 (0.145)
4084 0.027 (0.049) 0.093 (0.195)
4033 0.022 (0.025) 0.090 (0.130)
4029 0.029 (0.017) 0.088 (0.049)
4049 0.026 (0.033) 0.087 (0.378)
4082 0.033 (0.034) 0.087 (0.125)

0.470(0.747)
0.251 (0.696)
0.245 (0.162)
0.254 (0.574)
0.155 (0.349)
0.415 (0.532)
0.261 (0.150)
0.158 (0.341)
0.168 (0.250)
0.229(0.191)

0.664 (3.748)
1.201 (1.893)
0.658 (0.830)
0.657 (2.872)
0.872(1.115)
0.797 (3.362)
1.934 (0.155)
0.730(0.971)
0.984 (2.056)
0.680 (0.405)

"Note the ‘Bottleneck + size change’ model was the best-supported of all demographic scenarios tested for all populations except 4050 (omitted from this

table).
2Populations listed in order of increasing F,s from top to bottom.

tested models differing in ‘4rates (i.e. the transition rates between
hidden states in the HMM). We adjusted the models by varying
two features: the number of krates (), representing the number
of age-classes of relatedness modeled by RzoOROH; and the
expected segment length per class, reflecting the time since shared
ancestry (longer segments = more recent inbreeding). Models
with £=3 krates gave the lowest Bayesian Information Criterion
(BIC) values, but within the £#=3 krates model class, the BIC
values were insensitive to changes in the magnitude of the krazes.
For each population, we recorded (1) the proportion of HBD
class 1 segments (the longest and most recently co-inherited seg-
ments); and (2) the 95% percentile of HBD segment length
(which reflects recent inbreeding). To avoid potential artifacts
from low coverage, we restricted summaries to HBD segments
containing at least five SNPs.

Spatial autocorrelation of genotypes within populations

For the six populations where physical coordinates for each indi-
vidual genotyped plant within the 1.5X 10 m sampling plots
were known, we calculated spatial pairwise distance matrices. We
used PLINK to compute genetic distances (1 — identity by allelic
state) between plants and recorded them as a matrix. We calcu-
lated genetic distances using a dataset that we thinned to one
SNP per locus using STACKS-populations — write-single-snp to
limic pseudo replication (72=19993 SNPs). We performed a
spatial autocorrelation analysis (using the R package DARTR v.
2.9.9.5) (Gruber ez al., 2018), which implements the function
gl.autocor as described in Smouse & Peakall (1999). We binned
pairs of plants into defined distance separation classes (1.75, 3.5,
5.25, 7.0, and 8.75 m). At each of these distance classes, we cal-
culated Smouse & Peakall’s 7, a pairwise genetic autocorrelation
coefficient for codominant, muldlocus data. We bootstrapped
the data 999 times to obtain 95% confidence intervals for
Smouse & Peakall’s 7 at each distance class. The graphical results
of this analysis (i.e. the autocorrelation coefficient against
distance class) were plotted as correlograms for each of the six
populations. Where such correlograms cross from positive to
negative values of the genetic autocorrelation coefficient is the

© 2026 The Author(s).
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approximate radius of genetic patches that reflects pollen and
seed dispersal distances (Turner ez al., 1982; Sokal & Warten-
berg, 1983). Such patches can require several generations to
become sufficiently distinct to detect (Turner ez al., 1982; Sokal
& Wartenberg, 1983).

Results

Demographic histories of populations

Of the three demographic scenarios tested, the ‘Bottleneck + size
change’ model had the lowest AIC values for 10 of the 11 popula-
tions. The only exception was population 4050, where the simpler
‘Size change’ model showing population size contraction in one
epoch was consistently the best-supported demographic model
(Fig. S2). Overall, from these results, we concluded that the para-
meters of the ‘Bottleneck + size change’ are appropriate for inter-
preting and comparing the demography of all populations
investigated except population 4050. Parameter estimates and fits
between observed and modeled SFS under the ‘Bottleneck + size
change’ model are shown in Table 2 and Fig. S3, respectively.

The populations investigated here appear to have experi-
enced bottlenecks of both varied intensity and duration. First,
considering bottleneck intensity, DADI reports bottleneck popu-
lation size (vp) scaled in relation to an ancestral population size
of N,s=1. The estimated vp values for these 10 populations
ranged from 0.16 to 0.47 (Table 2), suggesting a range of bot-
tleneck intensities among populations. Intrapopulation com-
parisons of wvp values with vg values (population size
postbottleneck) indicate there is also variation among popula-
tions in the extent to which population sizes have rebounded
postbottleneck (Table 2). Second, considering bottleneck dura-
tion, time in DADI is expressed in units of twice the effective
population size (i.e. 7= 2.V, generations). The duration of the
bottleneck (73) detected in each of the 10 populations ranged
from 0.022 to 0.033 time-units (Table 2). The time from the
present back to the end of the bottleneck when recovery began
(hereafter, ‘recovery period’, 7y) ranged from 0.088 to 0.094
time-units (Table 2).
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Table 3 Population-level inbreeding coefficients (Fis), the percentage of
SNPs that are fixed within each population, and genetic diversity (z) of 11
populations of Impatiens capensis that differ in their demographic
histories.

% of SNPs fixed within focal

Population’  Fis? (95% Cl) pop. P

KR 0.12(0.09,0.54) 58.7 0.000586
ALB 0.38(0.09,0.73) 64.23 0.000497
FW 0.44 (0.35,0.75) 62.00 0.000595
4079 0.49(0.28,0.75) 71.17 0.000442
4081 0.57 (0.51,0.77) 68.94 0.000459
4084 0.68(0.59,0.75) 64.32 0.000534
4033 0.73(0.61,0.81) 68.40 0.000419
4029 0.90(0.70,0.96) 68.35 0.000498
4049 0.91(0.71,093) 73.11 0.000417
4082 0.94 (0.91,0.95) 71.66 0.000455
4050 0.95(0.93,0.95) 75.10 0.000385

Mean global = across all populations is 0.000706. n = 32 239 total SNPs
and 270 total individuals.

1Populations listed in order of increasing Fis from top to bottom.
2Median Fis across all individuals in each population (Puink-het output).

Polymorphism levels and inbreeding coefficients

We leveraged the variation in population demography to examine
the hypothesis that demographic history in autonomous selfers is a
driver of genetic diversity and inbreeding. Specifically, we tested
whether populations that maintained larger population sizes during
bottlenecks, and whether populations that have had longer postbot-
tleneck recovery phases also exhibit the highest levels of genetic
diversity. Among the 11 populations, absolute nucleotide diversity
() ranged from 0.000385 (population 4050) to 0.000595 (popu-
lation FW), and much of this variation (59-75%) was fixed within
individual populations (Table 3). (Note that we excluded popula-
tion 4050 from the correlation tests below since the demographic
analyses support that it is undergoing a simple population decline
rather than a bottleneck with recovery.) There is a significant corre-
lation between 7 and population size during the bottleneck (vp)
(R=10.59, one-tailed test with 8 df, P=0.04; Fig. S4). There is
also a significant correlation between 7 and the duration of the
post-bottleneck recovery period (75) (R= 0.64, one-tailed test with
8 df, P=10.02; Fig. $4).

Population-level inbreeding varied from Fg=0.12 (popula-
tion KR) to Fg=0.95 (population 4050) (Table 3; Fig. 2). We
tested whether populations that maintained larger population
sizes during bottlenecks and experienced longer postbottleneck
recovery periods also exhibited the lowest inbreeding coefficients.
The Pearson’s correlation coefficient (one-tailed tests with 8 df)
for Fg and vy is —0.60 (P=0.03), for Ag and 7y is —0.62
(P=10.03; Fig. S4). Collectively, we find strong support that
demographic histories are related to levels of genetic diversity and
inbreeding in predicted ways.

Linkage disequilibrium and recombination

LD heatmaps revealed wide variation in the size of LD blocks in
populations (Fig. S5). LD vs distance between SNPs also varies
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widely between populations (Fig. 3). The population size-scaled
recombination rate parameter (p) as estimated from the decay of
LD with distance between SNPs ranged from 1.27 X 107°
(population 4050) to 2.66 x 10~ (population KR; Table 4).

The hypothesis that variation in demographic history in auton-
omous selfers is an important determinant of variation in recom-
bination rate predicts that recombination rate should be higher
in populations that maintained larger sizes during bottlenecks
and had longer postbottleneck recovery periods. The Pearson’s
correlation coefficient (one-tailed test and 8 df) for p and vy is
0.84 (P=0.001) and for p and 7f is 0.83 (P=0.001) (Fig. S4),
providing support for the hypothesis.

Runs of homozygosity by descent

The distributions of HBD segment sizes are highly skewed. The
differences in the tails of these skewed distributions (i.e. the long-
est HBD tracts) reflect variation in recent inbreeding, and so we
examined the 95" percentile of these segment lengths (Table 4).
These 95" percentiles range from 22.9 million bp (population
KR) to 62.9 million bp (population 4049). We note that these
upper sized segment lengths may be overestimates, given that
RZOOROH interpolates between markers, and with the modest
number of SNPs available with RADseq data, the hidden Markov
model may merge nearby HBD blocks if there are few heterozy-
gotes to break them up. The Pearson’s correlation coefficient
(one-tailed test and 8 degrees of freedom) for the 95 percentile
of HBD segment length and population size during the bottle-
neck (zg) is —0.52 (P=0.06), and for the 95 percentile of
HBD segment length segments and duration of post-bottleneck
recovery (7%) is —0.66 (P= 0.02; Fig. §4).

The proportions of class 1 HBD segments (HBD segments
classified by RZOOROH as due to recent inbreeding) ranged from
0.09 (population 4050) to 0.41 (population 4049) (Table 4).
The Pearson’s correlation coefficient (one-tailed tests and 8 df)
for the proportion of class 1 HBD segments and vp is —0.57
(P=0.04), and the proportion of class 1 HBD segments and 7
is —0.35 (P=0.16; Fig. S4). Thus, while the 95 percentile of
HBD segment length is associated with population size during
the bottleneck and duration of postbottleneck recovery, the pro-
portion of class 1 HBD segments is only associated with
bottleneck size.

Spatial autocorrelation of SNP genotypes

Two populations (populations 4049 and 4082) with histories of
more severe bottlenecks and shorter postbottleneck recovery peri-
ods show the clearest evidence of microscale genetic patch
structuring — that is, larger positive values of Smouse and Pea-
kall’s 7 at small distance classes. Similar genotypes in these popu-
lations cluster within patches on a scale of 2 to 3m in radius
(Fig. 4). Microscale genetic patch structure was less evident in the
remaining three populations estimated to have undergone less
severe bottlenecks and longer recovery periods (Fig. 4). Popula-
tion 4050, inferred to be undergoing population decline (as
opposed to a botteneck with recovery), also exhibited

© 2026 The Author(s).
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Fig. 2 Histograms of individual inbreeding coefficient (Fis) values in 11 populations of Impatiens capensis: Mean (blue dashed line) and median (red dashed
lines). Population results listed in order of increasing Fis from top left to lower right. Note that the scale of the y-axis differs among plots.

pronounced microscale structure and, like populations 4049 and
4082, is also highly inbred.

Discussion

A constellation of population genomic signatures
associated with demographic history

The populations of . capensis we studied occur in a fragmented
landscape where farmland has replaced much of the suitable nat-
ural habitat. It is the type of landscape in which extinction and

© 2026 The Author(s).
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recolonization events are likely to have occurred in the past
and are perhaps ongoing (Menges & Waller, 1983; Hanski &
Gilpin, 1997; Fahrig, 2003; Johnson ez al., 2014). In such situa-
tions, plants with reproductive systems that permit autogamous
selfing likely have an advantage in population establishment.
Demographic reconstructions based on the SES support a popu-
lation bottleneck and recovery scenario for all but one of these 11
populations, and we uncovered variation in both bottleneck
population size and postbottleneck recovery time. Landscape
fragmentation and habitat isolation may also have played a role
in reducing gene flow among these populations (Toczydlowski &
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Fig. 3 Linkage disequilibrium (LD) (%) vs distance between SNPs in 11 populations of Impatiens capensis that differ in inbreeding coefficient (F;s). The lines
represent the Weir and Hill (1986) LD decay function fit to data. Population results listed in order of increasing Fs from top left to lower right.
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Table 4 Population size-scaled recombination rate (p) and runs of homozygosity by descent (HBD) in 11 populations of Impatiens capensis that differ in
their demographic histories.

Proportion of class 1 95" percentile of HBD

Population’ Recombination rate (p) HBD segments run lengths (x10° kb)
KR 2.66e-04 (2.5e-04, 2.8e-04) 0.16(0.15,0.18) 23.0(18.1,28.9)
ALB 1.56e-04 (1.5e-04, 1.7e-04) 0.12 (0.10, 013) 34.8(29.2,38.2)
FW 1.32e-04 (1.2e-04, 1.4e-04) 0.18(0.16, 0.20) 36.2 (33.1,42.0)
4079 6.68e-05 (6.2e-05, 7.2e-05) 0.18 (0.16, 0.20) 44 .3 (38.4,52.0)
4081 7.72e-05 (7.2e-05, 8.3e-05). 0.32(0.29,0.35) 47.8(38.2,52.4)
4084 1.51e-04 (1.4e-04, 1.6e-04). 0.19(0.17,0.21) 44.6 (39.1,47.4)
4033 6.56e-05 (6.1e-05, 7.0e-05) 0.19 (0.18, 0.21) 29.2 (25.8,33.8)
4029 6.97e-05 (6.5e-05, 7.4e-05) 0.31(0.29,0.33) 40.5(31.0, 48.7)
4049 3.52e-05 (3.2e-05, 3.9e-05) 0.41(0.38,0.43) 58.6 (52.1,61.2)
4082 6.24e-05 (5.8e-05, 6.7e-05) 0.16 (0.13,0.18) 62.9 (59.8, 70.0)
4050 1.27e-05 (1.1e-05, 1.5e-05) 0.09 (0.07, 0.10) 44.8 (38.6, 46.6)

Parenthetical values denote 95% confidence intervals.
"Populations listed in order of increasing Fs from top to bottom.

Waller, 2019). In the present study, we find evidence that varia-
tion in demographic history has shaped present day levels of
genetic diversity, inbreeding, recombination, and intrapopulation
spatial structure of genotypes. These findings are in general agree-
ment with metapopulation theory, which predicts that frequent
extinction and recolonization events can shape metapopulation
patterns of genetic variation (Hanski & Gaggiotti, 2004).

In the case of autonomously selfing plants, we expect
population genomic signatures of founding events to be espe-
cially pronounced, since populations can be established by
few individuals and may persist for many generations at small
sizes before recovering. Initial severe population declines in
such species are expected to lead to loss of diversity, elevated
levels of inbreeding, and related genomes with long tracts of
elevated LD and reduced recombination rates (Wright, 1931;
Nordborg, 2000), as observed here in the populations that
underwent the most intense bottlenecks and had shorter post-
bottleneck recovery periods.

Reduced genetic diversity and recombination have been
observed in several autonomously selfing species and are asso-
ciated with the breakdown of self-incompatibility and range
extension (Busch ez af, 2011; Lucek & Willi, 2021; Lucek
et al., 2025). Such patterns have been observed when selfing spe-
cies are compared to their outcrossing sister species (e.g. Arabi-
dopsis thaliana and Capsella rubella), in which shifts in mating
system contribute to substantial differences in genetic diversity
among populations (Brandvain ez al., 2013; Striitt ez al., 2023).
Future work extending our analyses to invasive European popula-
tions of 1. capensis could test whether similar patterns occur under
repeated founder events following invasion (Colautti &
Lau, 2015) and could provide additional insights into the evolu-
tionary trajectories of self-fertilizing, colonizing plant species
(Hodgins et al., 2025).

Propagules of autonomously self-fertilizing plants have an
advantage in founding new populations in fragmented land-
scapes, a pattern that has been conceptualized as ‘Baker’s Law’

(Baker, 1955; Pannell ez al, 2015). By coupling demographic

© 2026 The Author(s).
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modeling with population genomic signatures of inbreeding
across wild populations of a dimorphic CL species, we have
uncovered a constellation of interrelated genomic signatures that
can be viewed as reflecting the genome-wide consequences of
Baker’s Law in metapopulations. Specifically, autonomous selfing
facilitates the population founding and/or population persistence
at low densities (where pollinators may be sparse or absent). But
founding events and/or population size reductions are not
expected to all be equivalent in terms of their effects on reducing
diversity and recombination, and elevating inbreeding, nor is the
postrecovery phase expected to be of the same duration in all
populations, and so in such species, outcrossing and gene flow
will also vary among populations. This, in turn, should be
reflected in among-population variation in levels of diversity,
recombination rates, inbreeding, and microscale population
structure, and its correlation with demographic parameters, as we
found in this investigation.

Interpopulation variation in the mating system?

While the observed variation in inbreeding, polymorphism,
recombination, and microscale population structure is corre-
lated with the estimated intensity and duration of the post-
bottleneck recovery period, there are alternative factors that
could contribute to these patterns. One alternative explanation
for our findings is the existence of interpopulation variation
in the mating system itself, particularly variation in the invest-
ment into CL vs CH reproduction. Mixed mating systems
have long been viewed as the primary driver of inbreeding
levels in species that have them (Brown, 1979). As in many
dimorphic CL species, CH flower production in I capensis is
well-documented to increase with resource availability, espe-
cially light (Schemske, 1978; Waller, 1980; Donohue
et al, 2000). As such and given that I capensis regularly
inhabits full-sun marshes to almost completely shaded conifer
swamps, we may expect interpopulation variation across the
species’ range to be driven by mixed mating system responses
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to site conditions. Surprisingly, we find no evidence of this.
When collecting tissue for the sequence data used in the pre-
sent analyses, Toczydlowski & Waller (2023) also recorded
the ratio of CH/CL seed capsules on these plants. The corre-
lation between the ratio of CH/CL seed capsules and Fg is
close to zero (R=0.03). While the CH/CL seed capsule ratio
in the year before tissue collection could have provided a
more appropriate test (i.e. from the parental generation of the
genotyped individuals), it is unlikely that large year-to-year
differences in CH/CL ratio occur in I capensis populations

New Phytologist (2026)
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given the aforementioned tight links between site characteris-
tics and CH and CL flowering.

Our results suggest dimorphic cleistogamy may facilitate fre-
quent founding events that generate strong associations between
bottlenecks and inbreeding, rather than directly drive interpopu-
lation variation in inbreeding. In a similar vein, Toczydlowski &
Waller (2019) found population-level inbreeding to be predicted
by the amount of suitable habitat and the degree of habitat frag-
mentation, but not by light availability (or number of CH flow-
ers in populations).
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Genetic and evolutionary consequences of demographic
dynamics in Impatiens capensis

The interpopulation variation in inbreeding coefficients, diver-
sity, relative recombination, extended HBD segments, and
microscale population structure suggests that bottlenecks
and accompanying genetic drift play a notable role in deter-
mining the characteristics of genetic variation in populations
of I capensis. Those populations that have experienced stron-
ger and more intense bottlenecks likely experience reduced
efficacy of natural selection, particularly for weakly selected
loci (Charlesworth, 2009). This increases the likelihood of
deleterious alleles drifting to fixation, may limit the response
to selection, and may lead to elevated genetic load. The
reduction in nucleotide diversity () and increase in homozyg-
osity seen in some populations suggest a loss of standing
genetic variation.

Background selection against deleterious mutations can also
reduce genetic diversity compared to populations with lower
levels of inbreeding and higher effective recombination (Charles-
worth er al., 1993; Wright ez al., 2002; Glémin, 2007). Reduced
effective population size not only weakens purifying selection but
also impairs the efficacy of positive selection. As well, when effec-
tive population size is small, beneficial alleles that confer even
small fitness advantages have reduced probabilities of fixation
(Haldane, 1927; Kimura, 1962), and if recombination is already
limited (due to selfing), linked selection and background interfer-
ence further slow the spread of adaptive variants (Hill & Robert-
son, 1966).

As a result, populations that have not recovered from strong
bottlenecks may be unable to adapt to novel or changing
environments. For example, populations 4049, 4050, and
4082 that exhibit high inbreeding together with low diversity
may be particularly vulnerable. These consequences could
become more serious under global climate change, as genetic
variation constitutes the primary resource enabling populations
to adapt to rapidly shifting environmental conditions (Bijlsma
& Loeschcke, 2012; Willi er 4/,2006). Future experiments
explicitly testing whether populations in which genetic diversity
has been severely eroded exhibit lower adaptive responses to
climate-driven stressors, such as altered precipitation or tem-
perature extremes, would directly link genomic signatures
observed here with measurable ecological outcomes.

The same populations that were particularly inbred and
had low genetic diversity (i.e. 4050, 4082, 4049) exhibited
spatial autocorrelation of genotypes at small scales. This
intrapopulation genetic clustering likely results from a combi-
nation of limited seed and pollen dispersal, including possi-
bly high Indeed, the scale
autocorrelation within these populations — on the order of
2-3m — is highly concordant with the distance that explo-
sively dehiscent seed capsules of I capensis fling seeds (Haya-
shi er al, 2009) and orders of magnitude smaller than the
kilometers over which pollinators, waterfowl, flooding events,

selfing  rates. of genetic

and rivers move alleles. The spatial clustering of related indi-
viduals might also further exacerbate mating among relatives.

© 2026 The Author(s).
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Such highly localized mating (or selfing) and dispersal can
intensify further genetic
homogenization. This may influence ecological interactions

inbreeding  and exacerbate
(e.g. pathogen spread and pollinator behavior) or possibly
allow kin-selected traits to emerge (Heywood, 1991; Veke-
mans & Hardy, 2004), as has been suggested earlier in this
species (Kelly, 1996). The contrasting genomic characteristics
of the populations we studied suggest that some have been
more demographically stable and genetically diverse, while
others have undergone more severe bottlenecks with shorter
recovery periods, are highly inbred, and lack diversity. These
findings have important conservation and evolutionary impli-
cations since the ability to identify the more genetically
stable populations from demographic signatures can enhance
our ability to pinpoint reservoirs of adaptive potential
(Frankham et al, 2017; Mable, 2019).

Conclusions

By combining population genomics and demographic recon-
struction, we have illustrated how the dimorphic CL life his-
tory is associated with a range of population genetic profiles
from highly inbred, genetically eroded populations to rela-
tively outcrossed and genetically rich ones. Further research
could investigate whether the variation we have seen in demo-
graphic histories and inbreeding levels in I capensis leads to
variation in adaptive potential and/or responses to environ-
mental stress. Moreover, by expanding the types of analyses
we conducted here, it may be possible to generalize whether
associations between demographic history and genomic signa-
tures are consistent across other autogamously self-pollinating
species. Although the effort would likely be considerable, it
would be interesting to investigate whether CH/CL reproduc-
tion is more predictive of inbreeding levels in older, more
demographically stable populations, or whether the temporal
characteristics and magnitude of founding events in dimorphic
CL species mean that populations never in fact escape the
effects of the demographic colonization dynamics that mixed
mating systems facilitate. From a practical standpoint, our
results suggest that conservation and management efforts for
L. capensis (and species with similar mating systems) would be
enhanced by accounting for population-specific genetic his-
tories.
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