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Premise of research. Numbering around 10,000 species, ferns are the second-largest group of vascular plants.
Relatively little work, however, has focused on the population genetic processes driving fern evolution. Early work
by pteridologists suggested that ferns should be highly inbred (via gametophytic selfing) and therefore should have
exceptionally low genetic diversity, with most genetic variation derived from polyploidy.

Methodology. We conducted a meta-analysis, starting with literature searches using Google Scholar and
Web of Science, to identify studies on fern population genetics. From these papers, we recorded population ge-
netic metrics including expected heterozygosity under Hardy-Weinberg equilibrium (He), percent of polymorphic
loci (%P), the inbreeding coefficient (F), Wright’s fixation index (FST), the molecular marker(s) used, and the
geographic origin of the samples. We compared these metrics among ferns with various mating systems and
growth habits.

Pivotal results. We compiled a data set of 156 fern taxa from 87 publications. We found that both mating
system and growth habit have a significant impact on the genetic diversity (%P) and population structuring of
fern populations (F, FST). We found that temperate regions are the most thoroughly sampled and that most stud-
ies have used allozymes, with a shift in marker usage in the 2000s and 2010s.

Conclusions. Contrary to early hypotheses, natural fern populations are not restricted to gametophytic selfing
and instead regularly outcross. As we anticipate rapid growth in this field in the near future, we present a review of
the major findings in fern population genetics to date. We also suggest possible future directions such as expanding
geographic and taxonomic sampling andhighlightingmethods thatwill capitalize on the rapidly expanding genomic
resources for ferns.
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Introduction

Ferns are an ancient lineage of plants that likely originated in
theDevonianor earlier (430 to354mya;Testo andSundue2016;
Schneider et al. 2004, respectively). Today, they are the second-
largest group of vascular plants, comprising around 10,000 spe-
cies (PPG I 2016). Ferns play important roles in tropical and tem-
perate ecosystems,where they canactaskeystone species (George
and Bazzaz 1999a, 1999b; Coomes et al. 2005; Gaxiola et al.
2008;Walker et al. 2010), alter ecosystem nutrient cycling (Rus-
sell etal. 1998;Vitouseketal. 2009), andcontrol successionalpro-
cesses (Walker 1994;Walker et al. 2010). Human affairs are also
heavily impacted by these plants; invasive ferns like Lygodium
spp. (PembertonandFerriter1998) andSalviniamolesta (Koutika
and Rainey 2015) are economically and ecologically harmful in
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the southeasternUnited States, where they have disrupted natural
ecosystem functioning and cost governments millions of dollars
(e.g., Koop 2009). Other ferns, such as Azolla, have been exten-
sively incorporated intoagriculturalpractices (LumpkinandPluck-
nett 1980; Pabby et al. 2004). Furthermore, the phylogenetic posi-
tion of ferns as the sister lineage to the wildly diverse and speciose
seed plants affords ferns a unique and crucial comparative role in
understanding the evolution of land plants.
Despite their significance, ferns have historically received less

scientific attention comparedwith other plant lineages (e.g., Sessa
et al. 2014). Most of the work on this group has focused on the
systematic description of extant diversity and understanding fern
reproduction and ecology, while large-scale genetic studies (par-
ticularly at the population level), which are critical for under-
standing microevolutionary and diversification processes, have
been limited in number. The early cytological work of pterido-
logists revealed that ferns tend to have high chromosome num-
bers (e.g., Manton 1950) and, subsequently, large genome sizes
(Clark et al. 2016), which likely discouraged future studies in
fern genetics because of the inherent difficulty of working with
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excessively large and complicated genomes. Although angiosperm
and other seed plant genomes have been available for two de-
cades (Arabidopsis Genome Initiative 2000), only recently, with
the sequencing of several species (Li et al. 2018; Marchant et al.
2019), have genomic resources become available for ferns.
The major population genetic processes (i.e., genetic drift,

nonrandom mating, gene flow, mutation, and—particularly rel-
evant in light of climate change—adaptation and selection) guide
the evolutionary trajectories of populations in different direc-
tions and with varying magnitudes (table 1). Many life-history
traits of ferns, such as their unique life cycles with independent,
often ephemeral gametophytes and relatively long-lived sporo-
phytes, make it difficult to study one or more of these processes,
such as mutation and selection, in these organisms. However,
other traits, such as their ability to produce massive quantities
of easily wind-dispersed spores (Wolf et al. 2001), make ferns
ideal candidates for studying other processes, such as gene flow.
Much of the early work on fern population genetics focused

on determining the prevalence of different mating systems across
fern lineages, which is linked to their life cycle. All land plants un-
dergo an alternation of generations, transitioning between dip-
loid sporophyte and haploid gametophyte life stages. Through
meiosis, the diploid sporophyte produces haploid spores, which
undergo mitosis to become haploid gametophytes that in turn
generate egg and sperm cells, also by mitosis. The union of egg
and spermat fertilization forms the diploid zygote, whichwill de-
velop into a new sporophyte. In bryophytes (mosses, liverworts,
and hornworts), the gametophyte is the dominant life stage,
with a nutritionally and ecologically dependent sporophyte. The
reverse is true in seed plants (gymnosperms and angiosperms),
which have highly reduced gametophytes composed of only a
few cells and dominant sporophytes. Unlike these other lineages,
lycophytes and ferns have nutritionally independent sporophyte
and gametophyte life phases (Haufler et al. 2016). Additionally,
while seed plants are heterosporous, withmeiosis producing two
different spore types, themajority of ferns (99%; PPG I 2016) are
homosporous, producing a single type of spore and therefore po-
tentially bisexual gametophytes. For these homosporous plants,
three mating systems are possible (reviewed by Haufler 2002;
Ranker and Geiger 2008; Haufler et al. 2016). The three mating
systems in ferns are, as follows:
1. Gametophytic selfing (intragametophytic selfing sensu
Klekowski 1970, 1972): a single bisexual gametophyte produces
both egg and sperm, which combine to form a completely homo-
zygous sporophyte. Among the vascular plant lineages, this sys-
tem is possible only in homosporous ferns and lycophytes.

2. Sporophytic selfing (intergametophytic selfing): the union
of egg and sperm from two separate gametophytes derived
from a single sporophyte (analogous to selfing in seed plants).

3. Sporophytic outcrossing (intergametophytic outcrossing):
the egg is fertilized by sperm produced by a gametophyte de-
rived from a separate sporophyte (analogous to outcrossing in
seed plants).

The ability of ferns to reproduce along this continuum creates
a hierarchy of possible genetic variation in daughter sporophytes.
Continued gametophytic selfing would lead to the formation of
populations of completely homozygous individuals that harbor
low levels of genetic diversity and in which mutation is the only
source of new genetic variation (Klekowski 1972). These popu-
lations would be highly structured and strongly differentiated
from each other. In contrast, individuals derived from sporo-
phytic selfing develop from sperm and eggs that, although they
are from the same sporophyte parent, are produced in different
meiotic events and are therefore not entirely homozygous, al-
though variation would be relatively low compared with prod-
ucts of sporophytic outcrossing (Klekowski 1972). Populations
that undergo only or primarily outcrossing are likely to have greater
genetic diversity and heterozygosity than those using higher pro-
portions of the other mating systems.

Klekowski and colleagues postulated that gametophytic self-
ing was the predominant mating system in ferns and would be
followed by intense selective pressure (Klekowski and Baker
1966). They hypothesized that ferns could adapt to buffer against
this pressure by retaining complete chromosome sets following
whole-genome duplication events. These genomes would act as
an additional storage mechanism for genetic variation (i.e., via
fixed heterozygosity). This hypothesis simultaneously explained
the high chromosome numbers and apparent prevalence of poly-
ploidy across ferns (Klekowski and Baker 1966; Klekowski
1972). If ferns were truly predominantly selfing, the majority
of fern sporophyte populations should be genetically depauper-
ate unless they retained chromosomes following allopolyploidy
Table 1

Effects of Various Microevolutionary Forces in Isolation and When Interacting with Gene Flow
Microevolutionary force
 Effect in isolation
 Interactive effect with gene flow
Gene flow
 Homogenizes populations, decreases variation
between populations
NA
Genetic drift
 Stochastic changes in allele frequencies, increase
in among-population differentiation
Acts to prevent population divergence; cohesive
Mutation
 Ultimate source of genetic variation, increases
genetic diversity
If the rate of gene flow is greater than the rate of mutation,
gene flow becomes the primary source of genetic variation
Negative/purifying selection
 Reduces the frequency of deleterious alleles
in a population
Prevents local adaptation by introducing possibly deleterious
alleles
Positive selection
 Increases the frequency of beneficial alleles
in a population
Spreads beneficial alleles among populations
Nonrandom mating
 Produces highly structured populations
 Prevents inbreeding, particularly decreases in fitness;
decreases population structuring
Note. Gene flow can act to enhance or counteract the influence of other forces. The table is modified in part from Ellstrand (2014). NA p not
applicable.
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events as a method to store genetic variation. Low (!10%;
observed by Hickok [1978]) or absent recombination between
chromosomes from different progenitors (homoeologous chro-
mosomes) could be used tomaintain heterozygosity in homospo-
rous pteridophytes even through instances of extreme inbreed-
ing. However, although Sessa et al. (2016) found that up to
70% of fern species studied (145 of 207, including both diploids
and polyploids) are capable of gametophytic selfing in the labo-
ratory, the limited data from ferns in the field suggest that most
natural populations are predominantly outcrossing (reviewed in
Haufler et al. 2016; Sessa et al. 2016). This leaves the pteridolo-
gist with a conundrum: Are ferns primarily inbreeding or out-
crossing in natural conditions, and what are the consequences
of inbreeding?

Investigating fern population genetics has been and will con-
tinue to be critical for understanding the evolutionary mecha-
nisms driving the population dynamics of these plants. As ge-
nomic tools for ferns become more accessible, it is inevitable
that authors will revisit classic questions about fern population
structure and dynamics and will also address new questions that
were previously unanswerable. The time, therefore, seems ripe to
review the major existing findings on fern population genetics.
Here we report on a data set assembled from previous publi-
cations on fern population biology, which we use to review
and discuss a broad set of topics in the field of fern population
biology. We explore the population genetic consequences of
mating systems and life-history traits and survey the molecular
approaches used in existing studies, as well as the geographic
and taxonomic biases that exist in this body of work. Although
significant progress has been made in fern population genetics
since the 1980s, much has still been left unexplored. To facilitate
the further advancement of this field, we make several sug-
gestions regarding (1) understudied systems, both geographically
and taxonomically, and (2) updated molecular approaches. In
the age of widely available and increasingly inexpensive high-
throughput sequencing technologies, we underscore the neces-
sity for pteridologists to move studies of ferns from population
genetics to population genomics.
Material and Methods

To review our current understanding of the population biol-
ogy and microevolutionary forces of ferns, we began by re-
visiting Ranker and Geiger (2008), the most recent review of
fern population genetics, and tracked publications that either
were cited in this book chapter or cited papers listed in this
chapter. To capture additional studies that did not cite papers
from orwere not cited in Ranker andGeiger (2008), we searched
for “fern population genetics” and “fern gene flow” using Goo-
gle Scholar andWeb of Science. We did not include publications
that focused on interspecific gene flow, as these studies are above
the population level. Although some studies focused primarily on
systematic and taxonomic revisions, most (e.g., Haufler 1985) in-
cluded information about variation below the species level and
were included in the data set we assembled.

From each publication, we recorded as much of the following
data as were available: the taxon or taxa investigated, mean
expected heterozygosity under Hardy-Weinberg equilibrium
(He), mean percent of polymorphic loci (%P), mean inbreeding
coefficient (F), mean fixation index (FST), molecular marker(s)
used, and geographic origin of the samples. For classification
purposes, we followed PPG I (2016). Growth habit was coded
as terrestrial, epiphytic, epipetric, or aquatic on the basis of the
literature and images posted on http://www.inaturalist.org and
http://www.gbif.org. Ploidal level was determined by comparing
chromosome counts for each taxon with the base chromosome
number of the genus to determine whether each species was dip-
loid, tetraploid, and so on (apps. 1, 2, both available online). We
did not include ploidy for taxa that had multiple possible cyto-
types, unless the specific cytotype was given in the publication
from which the other data came. We also recorded the mating
system for each taxon if this information was included either
in the publication itself or in the references listed in table S1 of
Sessa et al. (2016).
Depending on the data available in each publication, we also

made one or more of the following calculations as necessary to
compare equivalent metrics. Because multiple methods for indi-
rectly measuring gene flow exist and the values generated by
these different methods are not necessarily directly comparable,
instead of recording these values from publications, we instead
used reported FST values to calculate a consistent metric of gene
flow asNm, using amodification ofWright’s (1951) equation as
reported by Meirmans et al. (2018):

Nm p
1

2kFST
2

1
2k

,

where Nm is the number of migrants (a proxy for gene flow), k
is the ploidal level, andmutation is negligible.We used only pair-
wise measurements of FST since other metrics (such as GST, a
measure commonly used for loci withmore than two alleles) tend
to overestimate differentiation and underestimate Nm (Slatkin
and Barton 1989). If a publication did not report an average
value for F or FST but provided individual population-level val-
ues instead, we averaged those population-level values to obtain
a single mean F or FST value for that taxon and publication. If
F values were not reported at all, we calculated an approxima-
tion using

F p 12
Ho

He

� �
,

where Ho is the observed heterozygosity and He is the expected
heterozygosity under Hardy-Weinberg equilibrium, if these val-
ues were provided. If multiple studies were conducted on a sin-
gle taxon,we calculated average values first within a publication
and then across publications.
We comparedHe, %P, F, FST, andNm among groups of ferns

with three different mating systems (selfing, mixed, and out-
crossing) and groups with different growth habits (epipetric, epi-
phytic, and terrestrial).We excluded taxa with either an apomic-
tic mating system or an aquatic habit because of the relatively
few studies that included representatives of these types of ferns
(n ≤ 2 for both categories). For the same reason, our analyses fo-
cused exclusively on homosporous ferns because of a paucity of
studies on heterosporous taxa (n p 2). We used Kruskal-Wallis
tests by rank to determine whether groups were significantly
different from one another for each metric of interest, followed
by pairwise comparisons using Wilcoxon rank sum tests with
corrections for multiple testing using the Holm method (Holm
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1979). All statistical analyses were performed in R version
3.6.1 (R Core Team 2019; script available at http://github.com
/jessiepelosi/fernpopgen).

Results

We identified 87 published studies on fern population genetics
using the procedure described above, and from these articles
we assembled a data set that included 156 taxa (fig. 1; app. 1).
Ranker and Geiger (2008) reported on 26 studies of population
genetics; we built on that data set, adding an additional 61 stud-
ies. The studies are distributed unevenly across the fern phylog-
eny, with numerous lineages having received no study, while
others have had numerous taxa included in population genetics
research (fig. 1). Various molecular markers were employed
across the 87 publications, but allozymes were the most fre-
quently encountered (fig. 2). As with the phylogenetic coverage
of the data, the geographic origins of samples were also uneven,
with most studied taxa occurring in North America, Europe, or
Asia (fig. 3). Across the data set, we were able to record or calcu-
late our population genetic metrics of interest for the following
numbers of taxa: mean He for 79 taxa, mean %P for 93 taxa,
mean F for 57 taxa, mean FST for 63 taxa, andNm for 52 taxa.
Ploidy level was available for 135 taxa, growth habit for all
156 taxa, and mating system for 79 taxa. Regardless of mating
system or growth habit, the average values of these population
genetic statistics are He p 0.19 (range, 0–0.74; n p 79), %Pp
38.4 (0–100; n p 93), F p 0.172 (21 to 1; n p 53), FST p
0.274 (0–0.952; n p 59), and Nm p 2.07 (0–11.65; n p 48).
These values are broadly comparable to those from seed plants;
for example, average He and %P for seed plants are 0.13 and
34.2, respectively, as reported by Hamrick and Godt (1990; ta-
ble 2).
For our comparisons of genetic diversity among mating sys-

tems, there were 42 taxa with data for both mating system and
He (4 selfing, 10 mixed, 28 outcrossing), 49 with values of %P
(4 selfing, 11 mixed, 34 outcrossing), 44 with values of FST
(6 selfing, 11 mixed, 27 outcrossing), 44 with values of F (3 self-
ing, 10mixed, 31 outcrossing), and 38 forwhichwewere able to
calculateNm (5 selfing, 10mixed, 23 outcrossing). Levels of het-
erozygosity between the three mating types (outcrossing taxa
mean He p 0.16 [0.02–0.32; n p 28]; mixed mating mean
He p 0.22 [0.01–0.72; n p 10]; selfing taxa mean He p 0.38
[0.06–0.73; n p 4]) were not significantly different from each
other (Kruskal-Wallis test by ranks, x2 p 2:63, df p 2, P >
0:05; fig. 4A). In contrast, the mean percents of polymorphic loci
were significantly different (Kruskal-Wallis test by ranks, x2 p
12:339, df p 2, P < 0:01); outcrossing taxa (mean %P p 50.8
[6.7–94.1; np 33]) had significantly higher %P compared with
mixed mating taxa (mean %Pp 24.7 [0–81; np 12]; pairwise
Wilcoxon rank sums test, P < 0:001) and selfing taxa (mean
%P p 22.5 [12.5–38.1; n p 4]; P < 0:05). No other pairwise
comparisons were significant for this metric (fig. 4B). There were
significant differences inmeanF between all threemating systems
(Kruskal-Wallis test by ranks, x2 p8:72, df p 2, P < 0:05),
with outcrossing taxa having F values close to 0 (mean F p
0.050 [20.34 to 0.35; n p 31), mixed mating taxa with values
intermediate between those of outcrossing and selfing taxa (mean
F p 0.385 (20.167 to 0.961; n p 10), and selfing taxa with
values close to 1 (mean F p 0.953 [0.947–0.962; n p 3]). We
also found significant differences in mean FST (Kruskal-Wallis
test by ranks, x2 p 17:37, df p 2, P < 0:01). In particular,
outcrossing taxa (mean FSTp0.123 [0–0.38; np 27]) were sig-
nificantly different from mixed (mean FST p 0.487 [0.057–
0.779; n p 11]; pairwise Wilcoxon rank sums test, P < 0:001)
and selfing taxa (mean FST p 0.419 [0.085–0.783; n p 6];
pairwise Wilcoxon rank sums test, P < 0:05; fig. 4C). We also
found significant differences in levels of gene flow (Kruskal-Wallis
test by ranks, x2 p 14:965, df p 2, P < 0:001), particularly be-
tween outcrossing (mean Nm p 3.60 [0.28–11.65; n p 23])
and mixed mating taxa (mean Nm p 0.55 [0.04–4.14; n p
10]; pairwise Wilcoxon rank sums test, P < 0:001), but not be-
tween these and selfing taxa (meanNmp 1.15 [0.01–2.69; np
5]; pairwise Wilcoxon rank sums test, P > 0:05; fig. 4D).

For our comparisons of genetic diversity and gene flow among
groups with different growth habits, there were 78 taxa that had
growth habit information and mean He values (11 epipetric,
7 epiphytic, 60 terrestrial), 90 taxa with mean%P values (8 epi-
petric, 9 epiphytic, 73 terrestrial), 56 taxa with mean F values
(9 epipetric, 11 epiphytic, 36 terrestrial), 60 taxa with mean
FST values (8 epipetric, 11 epiphytic, 41 terrestrial), and 49 taxa
for which we were able to calculateNm (6 epipetric, 9 epiphytic,
34 terrestrial). Mean values of He were not significantly differ-
ent among epipetric (mean He p 0.23 [0–0.72; n p 11]), epi-
phytic (mean He p 0.19 [0.14–0.27; n p 7]), and terrestrial
(mean He p 0.18 [0–0.74; n p 60]) habits (Kruskal-Wallis test
by ranks, x2 p 0:64, df p 2, P > 0:05; fig. 5A). The average
percent of polymorphic loci was significantly different among
groups (Kruskal-Wallis test by ranks, x2 p 11:12, df p 2,
P < 0:01); epiphytic taxa (mean %P p 62.3 [33.3–80.0; n p
10]) were significantly different from the epipetric taxa (mean
%P p 27.0 [0–65.0; n p 8]; pairwise Wilcoxon rank sums
test, P < 0:01) and terrestrial taxa (mean %P p 36.9 [0–100;
n p 73]; pairwise Wilcoxon rank sums test, P < 0:05; fig. 5B).
We did not find a significant difference in F among the three
growth habits (Kruskal-Wallis test by ranks, x2 p 4:299, df p
2, P > 0:05), epiphytic (mean F p 0.030 [20.013 to 0.115;
n p 11]), epipetric (mean F p 0.240 [21 to 0.961; n p 9]),
and terrestrial (mean F p 0.200 [20.619 to 1; n p 37]). There
was a significant difference in mean FST among growth habits
(Kruskal-Wallis test by ranks, x2 p 9:715, df p 2, P < 0:01),
with epiphytic (mean FST p 0.130 [0.021–0.770; n p 11])
and epipetric taxa being significantly different (mean FST p
0.45 [0.094–0.779; n p 8]; pairwise Wilcoxon rank sums test,
P < 0:01), but not for other pairwise comparisons. There were
significant differences in values of Nm among growth habits
(Kruskal-Wallis test by ranks, x2 p10:138, df p 2, P < 0:01),
but only the pairwise comparison of epiphytic (meanNmp 4.7
[0.07–11.65; n p 9]) and epipetric taxa (mean Nm p 0.38
[0.03–1.20; np 7]; pairwiseWilcoxon rank sums test, P <0:05)
was significant (fig. 5D).

Discussion

Below we discuss our data and results, with relevance to four
topics: (1) mating systems and population structure, (2) life-
history traits, (3) taxonomic and geographic biases, and
(4) molecular methods. We focus in particular on several his-
torical hypotheses and paradigms that have long been of inter-
est in fern evolutionary studies, including classic work on fern
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mating systems, and implications for the large genomes of ho-
mosporous ferns.
Mating Systems and Population Structuring

If true, Klekowski’s hypothesis that ferns are naturally pre-
dominantly inbreeding has profound consequences for the ge-
netic variation and structuring of fernpopulations. This hypothesis
and its underlying assumptions have three major implications for
fern populations; these populations should (1) harbor low levels
of genetic diversity as a result of inbreeding, (2) be deficient in het-
erozygous individuals, and (3) be highly genetically structured.We
used our compiled data set to evaluate the evidence for these hypo-
thetical consequences of selfing by addressing the following ques-
tions: (1) Are most ferns naturally inbreeding? (2) How does the
Fig. 1 A, Numbers of taxa for which population genetic studies have been published for four different growth habits, aquatic, epipetric, epi-
phytic, and terrestrial, with representative species pictured. From top: Salvinia molesta, Asplenium trichomanes subsp. quadrivalens, Pleopeltis
michauxiana, and Osmundastrum cinnamomeum. The top three images are by E. B. Sessa, and the bottom image is by J. A. Pelosi. B, For each
of the 48 fern families, the numbers of taxa for which population genetic studies have been published. The numbers in parentheses are the total
number of taxa with population genetic studies/the total number of recognized species in the family, according to PPG I (2016). Families in red have
not been the subjects of any population genetic studies. The phylogeny is modified from PPG I (2016).
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mating system impact genetic diversity? (3) How domating sys-
tems affect population structure? If ferns are predominantly
inbreeding, we would expect to find evidence from natural pop-
ulations for low levels of genetic diversity, few heterozygous indi-
viduals, and most genetic variation partitioned among (rather
than within) populations.

Aremost ferns naturally inbreeding? In contrast to Klekow-
ski’s assertion, ferns span the continuum of mating systems,
Fig. 3 Number of unique taxa studied thus far in each global region (first number) followed by the total number of taxa in each region (species
richness estimates from Suissa et al. 2021), including Africa (yellow), Asia (pink), Australia and New Zealand (orange), Central America and the
Caribbean (purple), Europe (green), North America (red), the Pacific Islands (black), and South America (blue).
Fig. 2 Distribution of studies over time, with 5-yr divisions colored by the molecular marker used (allozymes, amplified fragment length
polymorphisms [AFLPs], random amplified polymorphic DNA [RAPD], microsatellites, intersimple sequence repeats [ISSRs], chloroplast DNA se-
quencing [cpDNA], and restriction site–associated DNA sequencing [RADSeq]). The line traces the number of studies published by year.
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from extremely inbreeding (gametophytic selfing) in Botrypus
(Soltis and Soltis 1986) to highly outcrossing in Polystichum
(Soltis and Soltis 1987b). By estimating the rate of gene flowwith
the number of migrants per generation (Nm) and the inbreeding
coefficient (FIS), Soltis and Soltis (1987b) demonstrated that, de-
spite having the capacity for gametophytic selfing, Polystichum
munitum regularly outcrosses (with up to 24 migrants per gen-
eration) over great distances. Other species within Dryopteri-
daceae, such as Polystichum imbricans (Soltis et al. 1988) and
Polystichum otomasui (Maki and Asada 1998), are also primar-
ily outcrossing, although others, like Dryopteris expansa (Soltis
and Soltis 1987a),Dryopteris remota (Schneller et al. 1998), and
Dryopteris fragrans (Bouchard et al. 2017), exhibit mixed mat-
ing systems (a combination of selfing and outcrossing). In Asple-
niaceae, some species are highly inbreeding (Suter et al. 2000;
Bucharová and Münzbergová 2012; De Groot et al. 2012;
Fernando et al. 2015), whereas others regularly outcross (Hunt
et al. 2009; Bucharová and Münzbergová 2012). Nearly all
taxa in Ophioglossaceae regularly undergo gametophytic selfing
(Soltis and Soltis 1986; Watano and Sahashi 1992; Hauk and
Haufler 1999; Camacho and Liston 2001; Chung et al. 2010,
2013).Conversely,members of Polypodiaceae are predominantly
outcrossing (Ranker 1992b, 1994; Hooper and Haufler 1997),
while Pteridaceae contains a mix of inbreeding (Ranker 1992a)
and outcrossing species (Gastony and Gottlieb 1985; Haufler
1985; Ranker 1992a; Pryor et al. 2001; Liu et al. 2007; Kang
et al. 2008).Many authors have additionally calculated estimates
of the rate of gametophytic selfing (e.g.,Holsinger 1987; Soltis et al.
1988; Maki and Asada 1998) and found that most ferns have
low frequencies of gametophytic selfing. While we had insuffi-
cient data to divide selfing taxa further into gametophytic and
sporophytic selfing types, our findings nevertheless agree with
these previous conclusions that selfing and therefore inbreeding
are not the norm among ferns. While all homosporous ferns
may theoretically be capable of extreme inbreeding in the form
of gametophytic selfing (Sessa et al. 2016), natural fern popu-
lations clearly span the gamut of possible mating behaviors (ta-
ble 2; apps. 1, 2). In accordance with the findings in Sessa
et al. (2016) that polyploids have a greater proportion of game-
tophytic selfing than diploids, we also found that there are sig-
nificantly different proportions of diploids and polyploids within
eachmating system,with diploids having less selfing (Pearson’sx2

test, x2 p 9:036, df p 1, P < 0:05). How this affects the popu-
lation structure and diversity of polyploidy populations remains
unanswered.
Despite ferns’ capacity to produce bisexual gametophytes,
only a handful of taxa appear to regularly undergo gameto-
phytic selfing in natural conditions (table 2; apps. 1, 2). Various
factors influencing the timing of gametangia (archegonia and
antheridia) development in gametophytes, including tempera-
ture, light, and soil conditions, with the notable exception of
genetic regulation (Schneller 2008), have been proposed. Döpp
(1950) was the first to demonstrate the existence in ferns of
pheromones called antheridiogens, which induce the produc-
tion of antheridia in fern gametophytes. Typically, the first spore
to germinate and reach the meristic stage (more than one cell
layer) will become an archegoniate gametophyte and produce
antheridiogens. Neighboring gametophytes that have yet to
reach this developmental stage will respond to this chemical
cue and become male, producing only antheridia. By suppress-
ing the production of archegonia in surrounding plants, this
process prevents gametophytic selfing and promotes mating be-
tween gametophytes from either the same sporophyte (sporo-
phytic selfing) or other sporophyte(s) (sporophytic outcrossing).
Althoughmost studies of the antheridiogen systemare laboratory
based, several studies (Cousens 1979; Schneller 1988; Hamilton
and Lloyd 1991;Quintanilla et al. 2005) have corroborated these
findings in natural populations. Reviews on the antheridiogen
system are given by Schneller (2008) and Hornych et al. (2021).
The numerous studies cited above make it clear that natural

fern populations do not strictly or even primarily undergo game-
tophytic selfing in the field. Rather, ferns capitalize on all three
potential mating systems.While some families may be primarily
selfing (e.g., Ophioglossaceae), themajority tend to be primarily
outcrossing (e.g., Polypodiaceae) and/or havemixedmating sys-
tems (Ranker and Geiger 2008).
How does mating system impact genetic diversity? Under

Klekowski’s hypothesis that natural fern populations are pre-
dominantly inbreeding, most homosporous fern populations
should exhibit low levels of genetic diversity. Genetic diversity
is typically evaluated by calculating %P and/or He. The results
from our compiled data set suggest that ferns have levels of ge-
netic diversity comparable to those of seed plants (table 2; see
also Hamrick and Godt 1990). Levels of heterozygosity did
not differ significantly among mating systems and were similar
among outcrossing, mixed mating, and selfing taxa (fig. 4A). In-
terestingly, the mean expected heterozygosity for outcrossing
species was less than that for the selfing species (fig. 4A), con-
trary to theoretical predictions, although this may be an artifact
of low sample sizes. Increased heterozygosity in selfing taxamay
Table 2

Percent Polymorphic Loci (%P) and Expected Heterozygosity (He) for Five Families of Ferns, All Ferns with Available Data, and Seed Plants
Mating system(s)
 Mean %P
 Mean He
Aspleniaceae
 Equal proportions of all three systems
 18.5 (0–81; n p 7)
 .16 (0–.49; n p 9)

Dryopteridaceae
 Mixed or outcrossing
 31.2 (0–81.3; n p 15)
 .17 (.03–.57; n p 8)

Ophioglossaceae
 Predominantly inbreeding
 29.7 (0–66.7; n p 25)
 .15 (0–.34; n p 21)

Polypodiaceae
 Predominantly outcrossing
 58.7 (33.3–80, n p 12)
 .19 (.14–.27; n p 10)

Pteridaceae
 Mixed or outcrossing
 48.9 (19–70; n p 14)
 .26 (.03–.72; n p 10)

All ferns
 Selfing, mixed, outcrossing
 38.4 (0–100; n p 93)
 .19 (0–.74; n p 79)

Seed plants
 Selfing, mixed, outcrossing
 34.2
 .13
Note. The ranges of each metric are provided in parentheses, followed by the sample size, n. The predominant mating system of each group is
also indicated. Seed plant values are from Hamrick and Godt (1990).
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also result from fixed heterozygosity in polyploids, which are
more likely to be tolerant of selfing because of their extra ge-
nomes (Lande and Schemske 1985; Hedrick 1987; Soltis and
Soltis 2000; Barringer 2007). This likely has a small effect on
our data set, however, as there are only two polyploid selfing
taxa included (Asplenium adulterinum and Ophioglossum vul-
gatum) and they differ substantially from one another in He:
O. vulgatum has remarkably low levels of heterozygosity
(He p 0:06; Chung et al. 2013), whileA. adulterinum has levels
of heterozygosity (He p 0:49; Bucharová and Münzbergová
2012) two and a half times greater than the average for all ferns
(He p 0:19). While we cannot draw broad conclusions from a
Fig. 4 Violin plots of estimates of population genetic metrics across the three mating systems of ferns: outcrossing (yellow), mixed (orange), and
gametophytic and sporophytic selfing (red). Plots show the density and distribution of observations for each metric, with the width proportional to the
density of observations. The inner circle indicates the mean, and the vertical lines indicate 5SE. A, Mean expected heterozygosity under Hardy-
Weinberg equilibrium (He) from 42 total taxa (4 selfing, 10 mixed, 28 outcrossing). B, Mean percent of polymorphic loci (%P) from 49 total taxa
(4 selfing, 11mixed, 34 outcrossing).C,Mean fixation index (FST) from 44 total taxa (6 selfing, 11mixed, 27 outcrossing).D,Mean number ofmigrants
per generation (Nm) from 38 total taxa (5 selfing, 10 mixed, 23 outcrossing). Significance: *P ! 0.05; **P ! 0.01; ***P ! 0.001.
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two-taxon sample, these data suggest that genetic diversity in
polyploid ferns may be strongly influenced by individual, line-
age, or population-specific effects.

Many authors have also used the inbreeding coefficient, F,
to assess levels of heterozygosity within populations (Wright
1931, 1965). It is calculated as

F p 12
Ho

He

� �
,

whereHe is the expected heterozygosity under Hardy-Weinberg
equilibrium and Ho is the observed heterozygosity of a popula-
tion. It is ameasure of the reduction of heterozygosity relative to
if that population were in Hardy-Weinberg equilibrium (Hartl
and Clark 1989). Values of F close to 0 are indicative of out-
crossing, whereas values approaching 1 are suggestive of in-
breeding. Using our compiled data, we found that ferns, on av-
erage, have F values close to 0 (average F p 0:172), suggesting
that these plants are predominantly randomly mating. These
Fig. 5 Estimates of population genetic metrics across three fern growth habits: epipetric (gray), epiphytic (green), and terrestrial (brown). Plots
show the density and distribution of observations for each metric, with the width proportional to the density of observations. The inner circle
indicates the mean, and the vertical lines indicate 5SE. A, Mean expected heterozygosity under Hardy-Weinberg equilibrium (He) from 78 total
taxa (11 epipetric, 7 epiphytic, 60 terrestrial). B, Mean percent of polymorphic loci (%P) from 90 total taxa (8 epipetric, 9 epiphytic, 73 terrestrial).
C, Mean fixation index (FST) from 60 total taxa (8 epipetric, 11 epiphytic, 41 terrestrial). D, Mean number of migrants per generation (Nm) from
49 total taxa (6 epipetric, 9 epiphytic, 34 terrestrial). Significance: *P ! 0.05; **P ! 0.01; ***P ! 0.001.
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results reinforce the findings of Soltis and Soltis (1990), who
compiled F values from nine taxa and found an average F of
0.156, ranging from 20.075 in Polystichum dudleyi (outcross-
ing) to 0.962 in Botrypus virginianus (selfing). This smaller set
of values and the larger data set presented here emphasize that
outcrossing appears to be the norm in natural fern populations.
In contrast to expected heterozygosity, the percent of poly-

morphic loci differed significantly among the different mating
systems, with outcrossing taxa having higher levels of polymor-
phism than either mixed mating or selfing taxa (which did not
differ significantly from one another; fig. 4B). These findings fol-
low theoretical expectations, with selfing taxa having lower val-
ues of %P than outcrossing taxa because individuals produced
from a single gametophyte or sporophyte are more likely to be
homozygous at multiple loci than individuals produced from
outcrossing events (Haufler 2002). Interestingly, taxawithmixed
mating systems had the lowest %P but with a spread of values
more similar to that of outcrossing than to that of selfing taxa
(fig. 4B).
We further investigated how patterns of genetic diversity

compare across the five families of ferns that have (relatively) ex-
tensive data available (fig. 1). We assigned each of these families
a dominant mating system type based on the frequency each
mating system is found in the taxa belonging to that family in
the data set (table 2). We found that in general and as expected,
families with primarily outcrossing taxa have higher levels of ge-
netic diversity than families that are mostly composed of taxa
with mixed and selfing mating systems (table 2). The average
values of %P and He across all ferns in this data set are similar
to those in seed plants (Hamrick andGodt 1990), which are het-
erosporous and can use either outcrossing or selfing, which is
analogous to sporophytic selfing in ferns but not to the extreme
gametophytic selfing that homosporous ferns are capable of.
The similarity in values among all fern and seed plants thus sug-
gests that gametophytic selfing is not the predominant reproduc-
tive mode of ferns. Furthermore, the family Aspleniaceae, which
includes taxa that employ all three mating systems, had re-
latively low levels of genetic diversity even compared with the
predominantly selfing Ophioglossaceae, suggesting that, as in
the case of polyploidy, there are likely additional and perhaps
lineage-specific factors other thanmating system at play in shap-
ing the genetic diversity of fern populations (table 2).
How do mating systems affect population structure? The

amount of genetic differentiation that can be explained by
population structure can be measured by FST, a widely used
metric. It is calculated as

FST p
j2a

j2
,

where j2a is the variance of allele frequencies in a subpopulation
and j2 is the total allele frequency variance in the population
(Hartl and Clark 1989). Values of FST range from 0 to 1, with
0 indicating that populations are interbreeding freely and 1 sug-
gesting complete differentiation (i.e., subpopulations are effec-
tively not interbreeding, and there is no gene flow between
them; fig. 6C). Theory suggests that species that outcross should
have FST values close to 0 and partition most of their genetic
variation within populations (i.e., fig. 6A), whereas inbreeders
would have FST values significantly greater than 0, with most
of their genetic variation partitioned among or between popula-
tions (fig. 6B, 6C).

We found, as expected, that outcrossing ferns have popula-
tions that are less structured than those of mixed mating and
selfing taxa (fig. 4C). The lack of structure in these populations
is likely related to the extraordinarily high levels of gene flow
exhibited by ferns (fig. 4D), which range from values near 0
migrants per generation in O. vulgatum (selfing; Chung et al.
2013) to 11.6 migrants per generation in Pleopeltis astrolepis
(outcrossing; Hooper and Haufler 1997) and 24 migrants per
generation in P. munitum (outcrossing; Soltis and Soltis 1987b).
Theoretically, one migrant per generation is sufficient to prevent
the divergence between populations that would naturally result
from stochastic changes in allele frequency due to genetic drift
combined with inbreeding (where intrasubpopulation inbreed-
ing leads to fixation and differentiation from other subpopula-
tions; Spieth 1974; Hartl and Clark 1989). It therefore follows
that values ofNm 1 1 reflect levels of gene flow sufficiently high
to maintain homogeneous populations, whereas values ofNm !

1 are indicative of restricted gene flow, which should result in
heterogeneous populations. The high values ofNm seen in ferns
(fig. 4D) and the consequently large amounts of genetic informa-
tion potentially passing between populations in each generation
should prevent differentiation among these populations, result-
ing in low values of FST (fig. 4C).

Mating system clearly has a significant impact on the genetic
structuring of fern populations. Taxa that are primarily out-
crossing have significantly less structured populations than do
Fig. 6 Graphical representation of inter- versus intrapopulation structure as it relates to the fixation index (FST) value.
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mixed and selfing taxa. There were, however, very few studies
focused on primarily selfing taxa, and the terminology we have
used here to describe mixed mating taxa may be too broad to
describe these ferns. We believe that it is, therefore, necessary
for further studies to focus on mixed mating taxa, as in Wang
et al. (2012), which could further elucidate the specific impact
of mating systems on populations of organisms, even while var-
iation in the mating systemmay be present in a taxon. The inter-
play between habitat differences (e.g., soil types, precipitation)
and mating system and how this interaction may impact genetic
divergence and variation are understudied and deserve further
attention. The data and results compiled here reiterate the find-
ings of early publications that outcrossing taxa partition most
of their variation within populations, while those that are pre-
dominantly selfing partition most variation among populations
(e.g., Brown 1979; Soltis and Soltis 1990). The distribution of
alleles within and among populations may have significant im-
plications for the ability of populations to adapt, highlighting
the interplay between mating systems, gene flow, and selection.
Life-History Traits

Synthesis. Despite Soltis and Soltis’s (1990, p. 171) encour-
agement that “life-history characteristics should be examined
for both levels and patterns of genetic variation,” relatively few
studies have assessed how life-history traits affect population
genetic dynamics in ferns. It is not difficult to imagine how a
change in mating strategy may influence the genetic diversity
of a population, but life span, growth habit, and age at first re-
production may seemmore subtle. Consider, however, compar-
ing the genetic variation of long-lived trees and short-lived her-
baceous annuals or of long- and short-distance dispersers—the
likelihood that these different life-history strategies will signifi-
cantly impact population genetic dynamics is high and has been
demonstrated in both plants and animals (e.g., Hamrick and
Godt 1996; Nybom 2004; Ellegren and Galtier 2016). Unsur-
prisingly, data connecting life-history traits and genetic diversity
are scarce for ferns. We use the available data to first address
questions regarding how different growth habits may influence
fern population dynamics. We then explore other interesting
aspects of fern life histories (for which data are not currently
available) that would be fruitful avenues for future research.

Although ferns are substantially less species rich than the seed
plants (ca. 10,000 species compared with ca. 300,000–400,000;
PPG I 2016; Soltis et al. 2017), they fill many of the same ecolog-
ical and life-history niches asmembers of the latter group. This is
particularly true for growth habit: ferns may be terrestrial, epi-
phytic (growing on other plants, especially trees), hemiepiphytic
(both epiphytic and terrestrial during their life span), epipetric
(growing on rock faces; also known as lithophytes), vining, or
fully aquatic. The growth habit of the sporophyte is relevant
for population genetics because it likely affects spore dispersal
and may therefore influence the way that genetic variation is
partitioned. It is thus an important component of fern popula-
tion genetics that has been largely overlooked. Many species
(e.g., Adiantum incisum) and genera (e.g., Asplenium) exhibit
multiple growth habits and provide a valuable opportunity to
examine how a particular habit influences the genetic landscape
of a population and species. For example, do epiphytes exhibit
greater connectivity between populations than terrestrial spe-
cies? Do epipetric species have higher levels of population struc-
ture due to habitat fragmentation? Is the dispersal distance of
aquatic ferns greater than that of terrestrial species? To the best
of our knowledge, these questions have not yet been addressed
and are open areas of research.
To begin to address some of these questions, we assessed how

different life-history traits might affect population genetic dy-
namics in ferns using our assembled data set. We found that ge-
netic diversity (%P) was greatest in epiphytic ferns and that
there were lower levels of population differentiation and in-
creased gene flow in epiphytic taxa compared with epipetric
taxa (fig. 5). Dassler and Farrar (2001) provide a compelling case
that increased outcrossing and long-distance dispersal (LDD) in
some epiphytic ferns may be linked to the production of gem-
mae (vegetative propagules from gametophytes). Furthermore,
Sessa et al. (2016) reported lower selfing rates in epiphytic taxa
compared with terrestrial taxa. While these results suggest that
epiphytic ferns have elevated levels of genetic diversity and con-
nectivity between populations, the limited size and phylogenetic
breadth of the data set limit the generalizability of these con-
clusions. It is important to note that all the epiphytes in this data
set are from the Polypodiaceae and are all outcrossing; these
data points may not represent other epiphytic lineages (e.g., Hy-
menophyllaceae, Aspleniaceae) or epiphytes with different mat-
ing systems. Differences between epiphytic and other fern taxa
presented here require further investigation.
Another key life-history characteristic of ferns is their nutri-

tionally independent gametophyte phase, which has long been
viewed as a fragile handicap in the fern life cycle. Only relatively
recently has this notion been reevaluated; fern gametophytes
have now been shown to be physiologically resilient (Watkins
et al. 2007b), and they can be long-lived (Watkins et al. 2007a)
and can even persist without a sporophyte (Farrar 1967), a phe-
nomenon termed the “separation of generations” (Pinson et al.
2017). As Watkins et al. (2007a, p. 701) stated, “Every sporo-
phyte population owes its beginnings to the gametophyte gener-
ation,” and yet little is understood about the underlying genetic
dynamics of gametophyte populations. While the minute size
of the gametophyte may make it difficult to study in many taxa,
several authors (Farrar 1990; Watkins et al. 2007a; Chambers
and Emery 2016; Pinson and Schuettpelz 2016) have analyzed
naturally occurring gametophyte populations, revealing that
some gametophytes can persist indefinitely without producing
a sporophyte. Others (e.g., Ebihara et al. 2013) have shown that
distributions of gametophytes may be larger than those of their
sporophyte counterparts. Further, Nitta et al. (2016) demon-
strated that the community structure of the gametophyte and
sporophyte life stages can be significantly different and that ga-
metophyte and sporophyte communities can vary in their phylo-
genetic composition along elevational gradients. Of the studies
examined here, only 3.4% (3 of 87 studies) investigated the
genetics of gametophyte populations; quantitative comparison
of the two generations has, therefore, yet to be explored thor-
oughly (but see Rumsey et al. 1999 for a qualitative assessment
of differences in sporophyte and gametophyte genetic variation
in Vandenboschia speciosa). Despite its relevance to population
establishment, the population genetics of gametophytes repre-
sents a substantial deficiency in our knowledge of ferns and de-
serves further inquiry.
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Future directions. Although ferns can take on several growth
habits, we suggest that future work focus in particular on the
population dynamics of epiphytic ferns. Epiphytes make up
around one-third of extant fern diversity (Schuettpelz and Pryer
2009) and play important roles in canopy nutrient cycling and
microclimate maintenance (Nadkarni et al. 2004; Cardelús
et al. 2006; Watkins et al. 2007c; Cardelús 2010; Cardelús
and Mack 2010). Despite their prevalence throughout the fern
phylogeny, all epiphytic taxa thus far considered in population
genetic studies have been from the Polypodiaceae. To explore
the role of epiphytism in the population genetic dynamics of
ferns, we must expand the taxonomic sampling of epiphytes
outside this single family. We suggest investing efforts into the
Davalliaceae, Oleandraceae, andAspleniaceae, families inwhich
epiphytes make up at least 25% of the taxa (Watkins and Car-
delús 2012). In addition, Lomariopsidaceae represents a unique
opportunity to study the evolution of epiphytism, as many
members of this family are hemiepiphytic, a potential intermedi-
ate step in the evolution of the epiphytic growth habit (Watkins
and Cardelús 2012). We also recommend that future work fo-
cus on the Hymenophyllaceae, which both lacks an extensive
characterization of population genetics (fig. 1) and represents
a lineage with a potentially quite early origin of epiphytism.
Schuettpelz and Pryer (2009) posited that epiphytism in the
Polypodiales originated primarily in the Cenozoic (i.e., within
the past 65Myr). TheHymenophyllaceae includesmany epiphytic
taxa, and it diverged from its sister clade, which includes the
majority of leptosporangiate ferns, approximately 350–275 mya
(Schuettpelz and Pryer 2009; Testo and Sundue 2016). Epiphytism
may thus have evolved much earlier in this lineage than in the
Polypodiales, and it would be interesting to know how popula-
tion structure and gene flow may vary between these independent
origins of the epiphytic habit.
Another fern lineage that represents both an understudied

clade and a unique growth habit is the order Salviniales, the
water ferns. Members of this clade are strikingly different from
other ferns both in their fully aquatic life cycle and because they
are heterosporous and produce two separate spore types, like
seed plants. While they make up less than 1% of extant fern di-
versity, species of Azolla and Salvinia are influential in human
affairs, for either their positive (as in the case of Azolla) or neg-
ative (Salvinia) economic value. Their substantially smaller ge-
nomes (0.25–1.76 Gb; Li et al. 2018) and lower chromosome
counts, which accompanied the shift to heterospory, make these
ferns ideal candidates for future population genomic studies.
They are also some of the only ferns with readily available ge-
nomic resources (Li et al. 2018), and so these two genera provide
excellent opportunities to answer questions about how the evo-
lution of heterospory may affect population dynamics.
While growth habit appears to play a role in driving genetic

diversity and structuring fern populations, other life-history
characteristics may also be important factors in shaping popu-
lation dynamics. In seed-free homosporous plants, a single spore
is capable of founding a newpopulation (Klekowski 1970, 1972;
Haufler et al. 2016; Sessa et al. 2016). After spore germination,
the gametophyte is theoretically able to undergo gametophytic
selfing to produce a new sporophyte. This process exposes del-
eterious recessive alleles, effectively purging the new population
of lethal alleles (genetic load; Klekowski 1969, 1979). Frequently
colonizing ferns are often but not always capable of reproducing
through gametophytic selfing and therefore harbor lower levels
of genetic load than outcrossing lineages (Ranker and Geiger
2008). This mode of colonization may seem impractical; the
subsequent population would be initially homozygous and ge-
netically depauperate, with occasional mutations and meiotic
recombinants the only means of gradually increasing genetic di-
versity unless other conspecific spores arrive to permit outcross-
ing. However, LDD is common in ferns, and LDD and single-
spore colonizations have played an important role in shaping
biogeographic patterns and biodiversity (reviewed by Moran
2008). In one of the few studies to document in detail the coloni-
zation history of an island system by ferns, Ranker et al. (1994)
estimated that there had been up to 17 independent coloniza-
tions of the Hawaiian archipelago by Asplenium adiantum-
nigrum from mainland populations in North America, Europe,
western Asia, and northern Africa. This result demonstrates not
only that ferns are exceptional long-distance dispersers capable
of reaching the most remote oceanic island chains but also that
repeated colonization of the same island is entirely possible, and
a population initially established by a single spore may in fact
not have long to wait before the means of achieving genetic di-
versity arrives in the form of additional propagules. Fern bioge-
ography is a rich area of active research and is often conducted
at or above the species level; data on the population-level dy-
namics of ferns that either occur on islands or are otherwise
thought to be the result of limited numbers of colonization
events are, therefore, scarce (Tryon 1970, 1986) and would be
fascinating subjects for future research.
Taxonomic and Geographic Biases

Synthesis. Although there are ca. 10,000 extant species of
ferns (PPG I 2016), only 156 taxa (or approximately 1% of the
extant diversity) from 21 of the 48 fern families have been the
focus of population genetic studies (fig. 1). Of these 156 taxa,
118 (77%) belong to five families, with Ophioglossaceae receiv-
ing the most attention (33 taxa), followed by Dryopteridaceae
(28), Aspleniaceae (21), Pteridaceae (20), and Polypodiaceae
(19). Other families either lack studies entirely or have had rel-
atively few (one to seven) taxa treated (fig. 1). Some of these
groups have received special attention because of their fascinat-
ing biology and conservation status. For example, the game-
tophytes of Botrychium spp. (Ophioglossaceae) are entirely
subterranean (Bierhorst 1958), a feature that likely has pro-
found impacts on the genetic structure and mating systems of
these plants (Soltis and Soltis 1986). Other taxa have been of in-
terest because they are threatened or endangered (e.g.,Marsilea
strigosa Vitalis et al. 2002, Mankyua chejuense Chung et al.
2010, Asplenium scolopendrium var. americanum Fernando
et al. 2015) or are otherwise rare (e.g., Adenophorus periens
Ranker 1994). While these are fascinating groups of organisms,
a broader, more representative sampling is needed to under-
stand the factors influencing genetic diversity in ferns.

To determine whether there were any geographic biases in the
literature, we also evaluated studies on the basis of the geo-
graphic region of the focal taxa (fig. 3). Nearly all taxa exam-
ined (87%) occur in North America, Europe, or eastern Asia,
with very few publications focusing on areas outside the North-
ern Hemisphere. These data reveal that the tropics have been
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largely neglected, with the exception of a handful of studies in
Central America, where species richness is much greater than
in the temperate regions (Moran 2008). Additionally, with the
exception of one publication (Vitalis et al. 2002), Africa and
South America, which harbor around 40% of global fern diver-
sity, have been entirely neglected.

Future directions. There are clear deficiencies in the taxo-
nomic sampling of fern population genetic studies, with the
vast majority focusing on only five of the 48 recognized families
(PPG I 2016; fig. 1). We recommend that future work focus
on orders and families that have been neglected, particularly
those with interesting phylogenetic positions. These include the
numerous nonpolypod leptosporangiate fern families, some of
whose members have intriguing life-history characteristics (e.g.,
members of the Gleicheniales and Schizaeales, the climbing
and vining ferns, and the Cyatheaceae, the tree ferns). Within
the eupolypod ferns, the families making up Eupolypods II (As-
pleniineae sensu PPG I) have been somewhat more evenly stud-
ied than those in Eupolypods I (Polypodiineae sensu PPG I); in
the latter clade, only two of the nine families have been the focus
of population genetics studies, compared with six of the 11 fam-
ilies in Eupolypods II. In addition, there are several species-rich
families with disproportionately fewer studies than other simi-
larly sized groups, including Athyriaceae, Blechnaceae, Cyathe-
aceae, Dennstaedtiaceae, Hymenophyllaceae, Lindsaeaceae, and
Thelypteridaceae. A variety of growth habits, including epipetric,
epiphytic, terrestrial, and aquatic lifestyles, are included in these
families.

The boundary separating population genetics and taxonomy
is permeable, and population genomics may be important in
informing taxonomy (e.g., Kinosian et al. 2020). Population-
level information may be critical for resolving cryptic taxa or
relationships of subspecies, varieties, and cytotypes that remain
largely unsettled. For instance, there are unresolved relation-
ships within the Asplenium trichomanes complex (e.g., Vogel
et al. 1999) that offer an excellent opportunity to use population
genetics and cytogenetics to inform the taxonomic status of the
cytotypes, subspecies, and varieties in this species complex.

In addition to taxonomic sampling deficiencies, there are also
substantial deficits in our geographic sampling for fern popu-
lation genetics, as noted above (fig. 3). Many of the families
mentioned above are cosmopolitan and therefore represent op-
portunities to ask questions about groups that are underrep-
resented in the literature on multiple fronts. The global biogeo-
graphic distributions of various ferns also offer opportunities to
investigate additional questions about population structure in
taxa with unique ranges. For example, the phylogenetic affinity
of many South American, African, and/or Australian fern spe-
cies (Moran and Smith 2001; Morero et al. 2019) provides a
framework to compare the population genetics of closely re-
lated species separated by thousands of miles. Furthermore,
given the propensity of ferns to frequently disperse to and among
oceanic islands, the Pacific is an exceptional theater to test the
widely usedmodels of population divergence. Testing the assump-
tions and accuracy of thesemodelswill enhance our understanding
of the evolution of fern populations. The accumulation and main-
tenance of genetic diversity following bottlenecks and habitat frag-
mentation events, such as those noted for African Dryopteris
(Sessa et al. 2017), are of great interest for population and con-
servation geneticists. Depending on the questions posed, we im-
plore investigators to consider regions of the globe traditionally
overlooked in the literature, particularly in the tropics of Africa,
Asia, and South America.

Molecular Methods

The approaches used to determine an individual’s genotype
(and therefore our ability to determine allelic variation for pop-
ulation genetic analyses) have changed drastically over the past
five decades. The vast majority of fern population genetic stud-
ies have used allozyme electrophoresis to determine variation
among and within populations (fig. 2). With this technique,
only nonsynonymous mutations in specific protein-coding re-
gions can be assessed. Much of what we know about fern pop-
ulation genetics is derived from this method, in part because
allozymes were the dominant system used for population ge-
netic studies in the 1980s and 1990s, when the bulk of the re-
search on fern population genetics was conducted (fig. 2). This
method is still used today (e.g., Williams et al. 2016; Stensvold
and Farrar 2017) despite its constraints, and several measures of
genetic variation discussed above, including %P, Wright’s F-
statistics (F and FST), and measures of heterozygosity (e.g.,
He), can easily be calculated using allozymes.
In the mid-1980s and early 1990s, DNA fingerprinting tech-

niques, including restriction fragment length polymorphisms
(RFLPs), amplified fragment length polymorphisms, and micro-
satellites, gained traction. In contrast with allozyme analyses,
these processes directly compare DNA sequences, but large fern
genomes can make the application of DNA fingerprinting diffi-
cult, as homology is harder to assess (especially in RFLPs). Al-
though the relative popularity of allozymes in population genet-
ics had largely diminished by the early 1990s (Schlötterer 2004),
higher-resolution DNA-based markers such as microsatellites
were not applied in ferns until the early 2000s (Pryor et al.
2001). Microsatellites have gradually displaced allozymes and
have emerged as the marker of choice in plant (including fern)
population genetics (fig. 2). Unlike other DNA fingerprinting
techniques, microsatellite analyses are highly informative, as
these markers are codominant and themethods are reproducible
(Vieira et al. 2016). Despite their utility, however, multilocus
genotyping of the hundreds of samples required for population
genetic studies using microsatellites can be time-consuming and
labor-intensive.
The advent of high-throughput DNA sequencing has greatly

increased our knowledge of land plant evolution, extending our
sequencing capabilities from single genes (Chase et al. 1993)
to thousands (One Thousand Plant Transcriptomes Initiative
2019). Individual genes may contain hundreds of characters for
comparison and have been used extensively in fern systematics.
Both phylogenetic and population genetic studies in plants have
chiefly relied on sequencing genes from the chloroplast genome,
which are uniparentally inherited organelles that may act as a
single locus (Lynch 2007; but see Gonçalves et al. 2019 for a dis-
cussion of the varying evolutionary histories of plastid loci),
therefore capturing only part of the evolutionary history. The
nuclear genome poses a more promising, albeit complex, land-
scape with which to tackle evolutionary processes. The decreas-
ing cost of high-throughput sequencing has largely advanced
us from the field of population genetics to that of population
genomics. Transcriptomic and genomic data can be used to
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analyze thousands of loci at a relatively low cost and allow for
powerful new types of analyses. Unlike earlier methods, markers
developed from this method do not necessarily rely on large
stretches of DNA but rather focus on single nucleotides. Sub-
stitutions at a single base in the genome that occur at a fre-
quency of greater than 1% in a population are classified as
single-nucleotide polymorphisms (SNPs), and analyses of these
markers have revolutionized the field of population genetics.
Yet, to the best of our knowledge, only two publications (Rowe
et al. 2018; Wang et al. 2020) have used this methodology to in-
vestigate fern population genetics using reduced representation
sequencing (discussed below), although this technique has been
used in various systematic contexts (e.g., Massatti et al. 2016;
Fitz-Gibbon et al. 2017; Kinosian et al. 2019). The lack of ge-
nomic data due to the large genomes of ferns has largely impeded
the advancement of this field. However, with several new candi-
date taxa forwhole-genome sequencing recently identified, many
families are likely to gain genomic resources in the near future
(Kuo and Li 2019). With this work anticipated, we foresee great
strides in fern population genetics and genomics and make the
following recommendations to facilitate this process.
Future directions. We emphasize the need to transition from

allozymes to large-scale genomic data. The advent of high-
throughput sequencing technologies has drastically reduced the
expense of acquiring highly informative genomic data. Fern ge-
nomes are exceedingly large, with a mean 1C size of 12 Gb
(range, 0.25–148 Gb; Sessa and Der 2016; Li et al. 2018), and
they contain large numbers of highly repetitive sequences (Wolf
et al. 2015; Li et al. 2018; Marchant et al. 2019), making as-
sembly from short-read data (e.g., 454 and Illumina) difficult.
Advances in long-read sequencing technologies such as Oxford
Nanopore and PacBio have improved our ability to assemble
homosporous fern genomes, as long-read technology can con-
tend better with repeat content (Marchant et al. 2019). In many
cases, a hybrid approach using both long- and short-read data
is required and enhances the resulting assembly quality (Zimin
et al. 2017). Sequencing haploid gametophytes in place of dip-
loid (or polyploid) sporophytes or sequencing completely ho-
mozygous sporophytes produced from gametophytic selfing is
another avenue available for ferns that may reduce problems
during genome assembly by reducing or eliminating concerns
about heterozygosity in particular. Resequencing efforts will
greatly enhance our ability to detect fine-scale population genetic
variation and microevolutionary processes. Although the initial
reference should have relatively deep coverage, resequencing
coverage can be as low as 5–10# coverage (Ellegren 2014) in
homozygous or haploid individuals, although confident SNP
calling in highly heterozygous genomes requires higher cover-
age, at least 13–15# (Meynert et al. 2013; Song et al. 2016).
While whole-genome sequencing and resequencing can be ex-

pensive as well as computation and time intensive, reduced rep-
resentation approaches greatly decrease the cost and amount of
data for assembly while theoretically retaining homologous re-
gions for comparison. Transcriptome sequencing, restriction site–
associated DNA sequencing (RAD-seq), and sequence capture
methods are all viable alternatives to whole-genome sequencing
for population genetic studies and can provide hundreds to thou-
sands of loci for downstream analyses at a relatively low cost
(da Fonseca et al. 2016). For questions focused on selection or
when the presence of selection is not an issue, transcriptomic data,
which include primarily expressed exonic and regulatory regions,
should be satisfactory. RAD-seqmay be preferable when address-
ing questions that rely on (nearly) neutral variation in the ge-
nome, that is, markers not under selective pressure (Holdereg-
ger et al. 2006). RAD-seq, however, may not be suitable for
taxa with especially large genomes, as the fragments that are se-
quenced may not be homologous (but see Weisrock et al. 2018
for work with RAD-seq in large salamander genomes). Other
RAD-related methods that incorporate sequence capture, such
as RADcap (Ali et al. 2016; Hoffberg et al. 2016), may be more
appropriate for ferns.

As an alternative to transcriptome sequencing and RAD ap-
proaches, sequence capture techniques that target specific loci
have proven to be useful for studies of both loci under selection
(George et al. 2011; Aagaard et al. 2013; Christmas et al. 2016)
and those that require neutral markers (e.g., Christmas et al.
2017; de La Harpe et al. 2019). Sequence capture methods have
also been successful in recovering high-quality genomic data
from herbarium collections (Hart et al. 2016). These “genomic
treasure troves” (Staats et al. 2013) are invaluable resources for
analyzing genetic diversity over time. Given the recent release
of effective probe sets designed for reconstructing fern phyloge-
nies (Wolf et al. 2018; Breinholt et al. 2021) and the devel-
opment of baits for population genetic studies (e.g., Christmas
et al. 2017), targeted sequence capture will almost certainly be
increasingly used in a variety of fern evolutionary studies, and
we encourage its continued development for population genet-
ics in particular.

Using different molecular markers (e.g., allozymes, micro-
satellites, SNPs) may impact calculations for metrics of genetic
variation (e.g., Russell et al. 1997; Sun et al. 2004; Lemopoulos
et al. 2019; but see Coates et al. [2009], who found no differ-
ences between microsatellites and SNPs in humans). Micro-
satellites are not under strong purifying selection and evolve at
faster rates than do allozymes and (potentially) SNPs. The extent
to which these methods cover the genome also differ, with al-
lozymes restricted to coding regions, while microsatellites and
SNPs can be found throughout the genome. As reviewed by
Ellegren (2014) and Welles and Dlugosch (2018), genome-wide
SNP analyses have been instrumental in inferring demographic
changes (e.g., Barker et al. 2017) and admixture/hybridization
(e.g., Ma et al. 2019), loci under selection (e.g., Christmas et al.
2016) or associated with certain phenotypes (e.g., Prince et al.
2017), and the prevalence of mutations (e.g., Exposito-Alonso
et al. 2018). The identification of SNPs in functional loci (e.g.,
promoters, genes), such as through Gene Ontology enrichment
tests, has become popular in population genomics. Genome-
wide markers such as SNPs provide valuable information about
how different parts of the genome evolve, such as which parts
might be the product of introgression and/or adaptive evolution
(e.g., Edelman et al. 2019). Using a mix of genome-wide mark-
ers subject to either neutral or adaptive evolution, researchers
are able to construct a more complete picture of the processes
shaping population and genomic diversity.

Conclusions

The field of fern biology has seen remarkable advances in the
past few decades. Most recently, the publication of the first fern
genomes has greatly enhanced our knowledge of land plant
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evolution both across major plant lineages and within ferns.
While the field of fern population genetics has developed rela-
tively slowly, data compiled from publications over the past
35 years reveal great strides in this area. Contrary to initial hy-
potheses in the 1960s and 1970s, natural fern populations are
not restricted to gametophytic selfing and instead regularly out-
cross. We found that mating system has a significant impact on
the genetic diversity and population structuring of fern popula-
tions, with predominantly outcrossing taxa having the greatest
genetic diversity and least structure. We found that the percent
of polymorphic loci, a measure of genetic diversity, and the fix-
ation index are both significantly different among ferns with
differentmating systems.We also investigated the potential role
of growth habit in shaping the genetic diversity and microevo-
lutionary patterns of ferns and found that epiphytic taxa may
have higher rates of gene flow and genetic diversity than other
growth habits. Our compiled data set revealed a clear taxonomic
bias in population genetic studies toward five of the 48 fern fam-
ilies and a geographic tendency toward the study of temperate
taxa found in North America, Europe, and eastern Asia, and
we strongly recommend that future research focus on addressing
these gaps and biases. We have suggested several fern lineages
that should pose fruitful avenues for future work and methods
that have been employed successfully in other plant and animal
lineages. Fern population genetics sits today on a solid founda-
tion of theory and data, but much is still left unexplored, and
we are excited to see the launching of the era of fern population
genomics.
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