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Low reproductive success of hay-scented fern (Dennstaedtia
punctilobula) regardless of inbreeding level or time since
disturbance

Kathryn M. Flinn, Matthew M. Loiacono, and Hannah E. Groff

Abstract: Self-fertilization can facilitate the colonization of new habitats because it allows a single individual to found a
population. Here we investigated the relationship between mating systems and colonization in hay-scented fern (Dennstaedtia
punctilobula (Michx.) T.Moore). Throughout eastern North America, this species has been called a “native invasive” for its
tendency to dominate forest understories disturbed by logging, inhibiting tree regeneration. Thus, it is important to understand
the mechanisms of its spread. We hypothesized that if populations were founded through selfing, then populations disturbed
more recently would retain higher selfing ability; this pattern would demonstrate an important link between mating systems
and colonization. For four populations logged at different times in the past, we compared the sporophyte production of
gametophytes at different levels of inbreeding (intragametophytic selfing, intergametophytic selfing, and outcrossing) using
laboratory crosses. Across all treatments, only 9.8% of gametophytes formed sporophytes (N = 400 gametophytes). Neither
inbreeding level nor time since disturbance affected sporophyte production. Selfing ability did not differ across populations
logged at different times; there was no interaction between inbreeding level and time since disturbance. The low reproductive
success of D. punctilobula, regardless of inbreeding level or time since disturbance, suggests that population establishment and
expansion via sexual reproduction may be relatively rare in this clonal species.

Key words: inbreeding depression, invasive species, mating systems, reproductive assurance, self-fertilization.

Résumé : L’auto-fertilisation peut faciliter la colonisation de nouveaux habitats car elle permet a un seul individu de fonder une
population. Les auteurs ont examiné ici la relation entre les systemes de croisement et la colonisation de la fougére odorante
(Dennstaedtia punctilobula (Michx.) T.Moore). A travers tout I'est de ’Amérique du Nord, cette espéce a été identifiée comme
indigéne envahissante a cause de sa tendance a dominer les sous-étages forestiers perturbés par I’exploitation forestiére,
inhibant la régénération des arbres. Il est alors important de comprendre les mécanismes de sa dissémination. Les auteurs ont
émis I’hypothese que si des populations étaient fondées par autofécondation, alors les populations perturbées plus récemment
pourraient conserver plus longtemps leur capacité d’autofécondation; ce patron démontrerait un lien important entre les
systémes de croisement et la colonisation. Les auteurs ont comparé chez quatre populations exploitées a différentes périodes
dans le passé, la production sporophyte des gamétophytes a différents niveaux d’endogamie (autofécondation intra-
gamétophyte, autofécondation inter-gamétophyte et croisement éloigné) a I'aide de croisements en laboratoire. A travers tous
les traitements, 9.8 % des gamétophytes seulement formaient des sporophytes (N = 400 gamétophytes). Aucun niveau
d’endogamie, ni le temps écoulé depuis la perturbation n’affectait la production de sporophytes. La capacité d’autofécondation
ne différait pas d’une population a I’autre, exploitées a des périodes différentes; il n’y avait pas d’interaction entre le niveau
d’endogamie et le temps écoulé depuis la perturbation. Le faible succés reproducteur de D. punctilobula, peu importe le niveau
d’endogamie ou le temps écoulé depuis la perturbation, suggere que I’établissement et I’expansion de la population par la
reproduction sexuée peut étre relativement rare chez cette espéce clonale. [Traduit par la Rédaction]

Mots-clés : dépression d’endogamie, espéce envahissante, systemes de croisement, assurance reproductive, auto-fertilisation.

a key role in plant invasions. If plants have the ability both to self
and to outcross, then the founding of populations could act as a
filter, removing individuals that do not self-fertilize and leaving
young populations composed of plants with high selfing ability
(Baker 1955; Pannell and Barrett 1998). Outcrossing rates might
then increase over time as additional individuals colonized a site
and mating opportunities expanded, especially if selfed progeny
showed inbreeding depression. This process would lead to an-
other testable prediction of the hypothesis that selfing facilitates

Introduction

Self-fertilization should facilitate plant invasions by providing
reproductive assurance in new habitats, where mates or pollina-
tors may be scarce (Darwin 1876; Baker 1955). In fact, introduced
species often have a higher selfing ability than their native rela-
tives (Harmon-Threatt et al. 2009; Burns et al. 2011; Vervoort et al.
2011). Also, among South African irises, introduced species that
became naturalized had a higher selfing ability than introduced
relatives that did not become naturalized (van Kleunen et al.

2008), and among European plants in North America, species ca-
pable of selfing had larger ranges (van Kleunen and Johnson 2007).
This recent evidence shows that mating systems may indeed play

invasions — that recently founded populations should have higher
selfing ability than long-established populations. Some studies have
upheld the prediction that recently founded populations have
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Table 1. Characteristics of four forested sites in Lancaster County, Pennsylvania,
USA, from which Dennstaedtia punctilobula spores were collected.

Time since last

Site name

logging (years)

Latitude, longitude

Governor Dick Park
Steinman Run Nature Preserve

Ray’s Woods Nature Preserve ~50
Fishing Creek Nature Preserve ~60

40°14'04"N, 76°27'33"W
39°54'18"N, 76°17'05"W
39°53'31"N, 76°15'56"W
39°48'23"N, 76°14'26"W

higher selfing ability; for example, an introduced tobacco had a
higher selfing ability on a Channel Island colonized ~30 years before
than on an island colonized ~100 years before, or at longer-occupied
California mainland sites (Schueller 2004).

Here we tested the prediction that populations disturbed more
recently would have higher selfing ability in the invasive
homosporous fern Dennstaedtia punctilobula (Michx.) T.Moore (hay-
scented fern). Though native to eastern North America, this
species is considered invasive or weedy because it spreads aggres-
sively in logged forests (Hughes and Fahey 1991; Hill and Silander
2001; Aikens et al. 2007) and interferes with tree regeneration
(Horsley and Marquis 1983; de la Cretaz and Kelty 2002; Fei and
Steiner 2008). Dense understories formed by D. punctilobula can
thus alter the structure, diversity, and composition of forests
(George and Bazzaz 1999; Royo and Carson 2006). This problem
has been exacerbated by deer overpopulation because deer browse
tree saplings but find D. punctilobula relatively unpalatable (Horsley
and Marquis 1983). In addition, dense fern cover can provide a
haven for small mammals that prey on tree seeds and seedlings
(Royo and Carson 2008). Understanding how D. punctilobula
spreads and establishes new populations would aid efforts to con-
trol it; the extent to which the invasiveness of D. punctilobula de-
pends on selfing — and the mating system of this species in
general — remain unknown.

To assess selfing ability, we compared the sporophyte produc-
tion of gametophytes at different levels of inbreeding for four
populations of D. punctilobula from forests in Lancaster County,
Pennsylvania, USA, that were logged at different times in the past.
We hypothesized that if populations were founded through self-
ing, then populations disturbed more recently would retain
higher selfing ability. In fact, populations may have formed or
grown by sexual reproduction near the time of logging, or they
may have simply expanded vegetatively, as D. punctilobula is
strongly clonal via rhizomes (Flora of North America 2014). It is
reasonable to think that sexual reproduction may have taken
place because D. punctilobula forms a spore bank in forest soils
(Penrod and McCormick 1996), and the soil disturbance associated
with logging stimulates spore germination, gametophyte growth,
and sporophyte establishment via sexual reproduction (Groninger
and McCormick 1992). Homosporous ferns can potentially repro-
duce by intragametophytic selfing, between gametes from the
same gametophyte, which has no analog in seed plants and yields
fully homozygous progeny; intergametophytic selfing, between
gametophytes from the same sporophyte, which is analogous to
selfing in seed plants; or outcrossing, between gametophytes
from different sporophytes (Klekowski 1969). We performed lab-
oratory crosses between gametophytes to compare sporophyte
production across four populations disturbed at different times
and across these three inbreeding levels.

Materials and methods

Spores for this experiment came from four D. punctilobula pop-
ulations in forested sites in Lancaster County, Pennsylvania, USA
(Table 1). We determined the time since last logging for each forest
through personal communications (Governor Dick Park: A. Wells,
Governor Dick Park, 2013; Steinman Run Nature Preserve:
T. Stahl, Lancaster Conservancy, 2013) or field evidence including

tree species and diameter at breast height (Fishing Creek Nature
Preserve, Ray’s Woods Nature Preserve: K.M. Flinn, personal ob-
servations, 2013). We collected fertile fronds from 20 individuals
in each population in September 2013. Fronds were collected at
least 5 m apart to increase the probability that they came from
different genets. The fronds were sealed in glassine envelopes and
dried in ovens at 30 °C for 3 days to promote spore release.

We sowed spores in 60 mm x 15 mm petri dishes on nutrient
medium containing Parker’s macroelements and Thompson’s
microelements solidified with 1% agar (Klekowski 1969). We auto-
claved the medium at 121 °C for 15 min and added the fungicide
nystatin at 50 mg-L.. The dishes were sealed with Parafilm (Ameri-
can National Can, Chicago, Illinois, USA) and placed under continu-
ous illumination. After 3 weeks, we transplanted gametophytes into
fresh dishes for three inbreeding-level treatments: intragameto-
phytic selfing (isolated), intergametophytic selfing (paired with
another gametophyte from the same sporophyte, 1 cm apart), and
outcrossing (paired with another gametophyte from a different
sporophyte from the same population, randomly chosen, 1 cm
apart). These treatments represented potential levels of inbreed-
ing, as isolated gametophytes could only reproduce through in-
tragametophytic selfing, whereas paired gametophytes could
either self-fertilize or outcross. Thus, the experiment involved
three inbreeding levels, four populations with different times
since disturbance, and 20 individuals per population, for a total of
240 crosses involving 400 gametophytes. Sample sizes for individ-
ual treatments were: 4 years since logging, intragametophyic self-
ing, N=20; 4 years since logging, intergametophyic selfing, N = 40;
4 years since logging, outcrossing, N = 40; 33 years since logging,
intragametophytic selfing, N = 20; 33 years since logging, interga-
metophytic selfing, N = 40; 33 years since logging, outcrossing,
N = 40; ~50-60 years since logging, intragametophytic selfing, N = 40;
~50-60 years since logging, intergametophytic selfing, N = 80;
~50-60 years since logging, outcrossing, N = 80. We watered the
gametophytes weekly to facilitate fertilization, and examined
them for the presence of sporophytes every week for 23 weeks.

For analysis, we pooled data for the Ray’s Woods and Fishing
Creek populations because they were logged at similar times (~50
and ~60 years ago, respectively; Table 1). We analyzed the effects
of inbreeding level, time since disturbance, and their interaction
on the probability of forming sporophytes by the end of 23 weeks
using log-linear analysis of a three-way contingency table (Lowry
2014). Specifically, we performed three G tests of independence to
test whether inbreeding level (intragametophytic selfing, interga-
metophytic selfing, or outcrossing), time since disturbance (4, 33,
or ~50-60 years), or the interaction between inbreeding level and
time since disturbance affected the probability of forming sporo-
phytes. We also conducted a two-way factorial analysis of variance
(ANOVA), with the proportion of gametophytes forming sporo-
phytes as the response variable and inbreeding level, time since
disturbance, and the interaction between inbreeding level and
time since disturbance as predictor variables, using a generalized
linear model in R (R Core Team 2014).

Results

Gametophytes had low reproductive success overall; only 9.8%
of gametophytes formed sporophytes (Fig. 1). Sporophyte production

< Published by NRC Research Press
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Fig. 1. Fraction of Dennstaedtia punctilobula gametophytes that formed sporophytes at different inbreeding levels (intragametophytic selfing,
intergametophytic selfing, outcrossing) and from populations in forests logged at different times in the past (N = 400 gametophytes).
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did not differ across inbreeding levels (G = 0.84, P = 0.6570). Time
since disturbance also had no effect on the probability of forming
sporophytes (G, = 4.06, P = 0.1313). Selfing ability did not differ
across populations logged at different times; there was no inter-
action between inbreeding level and time since disturbance
(Gipy = 8.12, P = 0.7757). Similarly in the two-way factorial ANOVA,
neither inbreeding level, time since disturbance, nor their inter-
action had any effect on the proportion of gametophytes forming
sporophytes (all P > 0.10).

Discussion

The reproductive success of D. punctilobula in this experiment
falls at the low end of the range reported for other fern spec-
ies under similar conditions (Table 2). This could indicate that
D. punctilobula indeed has lower rates of sporophyte production
than many other fern species, that standard laboratory conditions
are less conducive to sporophyte production in D. punctilobula than
in many other fern species, or both. Fern gametophytes can have
different patterns of sexual development at low density and on
agar than in natural populations on soil (Rubin and Paolillo 1983;
Rubin et al. 1985; Ranker and Houston 2002). A low rate of sexual
reproduction is perhaps not surprising for a strongly clonal, long-
lived perennial plant, and it would make D. punctilobula similar to
Pteridium aquilinum (L.) Kuhn, another clonal, long-lived, and some-
times weedy fern in which sexual reproduction occurs very infre-
quently and in association with disturbance (Marrs and Watt
2006).

Dennstaedtia punctilobula also showed no differences in sporo-
phyte production among intragametophytic selfing, intergameto-
phytic selfing, and outcrossing treatments. This is in contrast to
the many fern species that had higher rates of sporophyte produc-
tion when gametophytes were paired rather than isolated (13 of
19 species tested; Table 2). This suggests that genetic load or any
adaptations to promote outcrossing are not the primary obstacles

to sexual reproduction in this species. If nearby individuals in fact
belonged to the same or a closely related genet, this could also
have reduced any difference between the two paired treatments,
because in this case the intergametophytic selfing and outcross-
ing treatments would have involved similar levels of inbreeding.
In fact, in the extreme case that the entire population resulted
from a single spore that underwent intragametophytic selfing to
produce a sporophyte that expanded clonally, then the intraga-
metophytic selfing, intergametophytic selfing and outcrossing
treatments would be genetically identical. This situation is thought
to have occurred in several ferns that colonized recently planted
forests on Dutch polders (de Groot et al. 2012).

The lack of association between selfing ability and colonization
also contrasts with previous findings for other fern species. For
example, Hawaiian Sadleria species frequently found on newly
formed lava flows had higher selfing ability than species of late-
successional habitats (Holbrook-Walker and Lloyd 1973). Lott et al.
(2003) found high selfing ability in two invasive ferns in Florida.
Among three native ferns in central New York, species more fre-
quent in post-agricultural forests had higher reproductive success
and selfing ability than species more frequent in forests that were
never cleared for agriculture (Flinn 2006). A few other studies
have also compared selfing ability within species, among popula-
tions with different disturbance histories. Geographically dis-
junct, solitary Asplenium platyneuron (L.) Oakes plants on recent
coal spoils had greater selfing ability than plants from dense pop-
ulations in the center of the species’ range (Crist and Farrar 1983).
de Groot et al. (2012) found that fern populations on a Dutch
polder recently reclaimed from the sea had higher selfing ability
than mainland populations. However, within the three native
fern species in central New York, populations in post-agricultural
forests and in forests never cleared for agriculture had similar
rates of sporophyte production across inbreeding levels (Flinn
2006). For D. punctilobula, the lack of variation in selfing ability
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Table 2. Sporophyte production by fern gametophytes grown on agar-solidified nutrient medium in the laboratory, either isolated or paired;
species are listed in order of increasing sporophyte production of isolated gametophytes.

Sporophyte production  Sporophyte production
Species of isolated gametophytes of paired gametophytes Reference
Elaphoglossum callifolium (Blume) T.Moore 0 0.21 Chiou et al. 2002
Elaphoglossum crassifolium (Gaudich.) W.R.Anderson & Crosby 0 0.17 Chiou et al. 2002
Stenochlaena tenuifolia (Desv.) T.Moore 0 1.0 Klekowski 1969
Sadleria pallida Hook. & Arn. 0.0049 Not tested Ranker et al. 1996
Athyrium filix-femina (L.) Roth 0.010 Not tested Peck et al. 1990
Cryptogramma stelleri (S.G.Gmel.) Prantl 0.010 Not tested Peck et al. 1990
Dryopteris marginalis (L.) A.Gray 0.020 Not tested Peck et al. 1990
Sadleria cyatheoides Kaulf. 0.036 Not tested Ranker et al. 1996
Sadleria pallida Hook. & Arn. 0.040 0.20 Holbrook-Walker and Lloyd 1973
Pseudodrynaria coronans (Wall. ex Mett.) Ching 0.050 Not tested Singh and Roy 1977
Cystopteris bulbifera (L.) Bernh. 0.060 Not tested Peck et al. 1990
Asplenium scolopendrium L. 0.10 0.22 Wubs et al. 2010
Dennstaedtia punctilobula (Michx.) T.Moore 0.11 0.094 This study
Polystichum acrostichoides (Michx.) Schott 0.11 0.30 Flinn 2006
Dryopteris cristata (L.) A.Gray 0.26 Not tested Peck et al. 1990
Thelypteris simulata (Davenport) Nieuwl. 0.26 Not tested Peck et al. 1990
Dryopteris intermedia A.Gray 0.30 0.32 Flinn 2006
Polypodium virginianum L. 0.32 Not tested Peck et al. 1990
Thelypteris palustris Schott 0.32 Not tested Peck et al. 1990
Microsorum punctatum (L.) Copel. 0.36 Not tested Peck et al. 1990
Adiantum pedatum L. 0.38 Not tested Peck et al. 1990
Cibotium glaucum (Sm.) Hook. & Arn. 0.40 Not tested Srivastava et al. 2008
Osmunda regalis L. 0.41 Not tested Klekowski 1970
Asplenium trichomanes L. subsp. quadrivalens D.E.Mey. 0.56 0.72 Suter et al. 2000
Sadleria cyatheoides Kaulf. 0.56 1.0 Holbrook-Walker and Lloyd 1973
Sadleria souleyetiana (Gaudich.) T.Moore 0.56 0.96 Holbrook-Walker and Lloyd 1973
Cystopteris tenuis Desv. 0.59 Not tested Peck et al. 1990
Dicranopteris linearis (Burm.f.) Underw. 0.63 Not tested Lloyd 1974
Dryopteris carthusiana (Vill.) H.P.Fuchs 0.63 0.46 Flinn 2006
Phegopteris decursive-pinnata Fée 0.73 Not tested Masuyama 1979
Woodsia obtusa (Spr.) Torrey 0.80 Not tested Peck et al. 1990
Pteridium aquilinum (L.) Kuhn 0.82 0.58 Klekowski 1971
Asplenium platyneuron (L.) Oakes 0.86 0.91 Crist and Farrar 1983
Onoclea sensibilis L. 0.87 10 Klekowski and Lloyd 1968
Acrostichum danaeifolium Langsd. & Fisch. 0.90 Not tested Lloyd and Gregg 1975
Ceratopteris thalictroides (L.) Brongn. 0.90 Not tested Singh and Roy 1977
Phymatosorus scolopendria (Burm. f.) Pic.Serm. 0.93 Not tested Lloyd 1974
Woodwardia radicans (L.) Sm. 0.96 1.0 Klekowski 1969
Ceratopteris thalictroides (L.) Brongn. 0.98 Not tested Lloyd and Warne 1978
Pityrogramma calomelanos (L.) Link 0.98 Not tested Singh and Roy 1977
Doodia aspera R.Br. 1.0 1.0 Klekowski 1969
Doodia caudata (Cav.) R.Br. 1.0 1.0 Klekowski 1969
Woodwardia fimbriata Sm. 1.0 1.0 Klekowski 1969
Woodwardia virginica (L.) Sm. 1.0 1.0 Klekowski 1969
Nephrolepis exaltata (L.) Schott 1.0 Not tested Lloyd 1974

Note: The numbers presented are the fractions of gametophytes that formed sporophytes.

with time since disturbance could suggest that populations estab-
lished or expanded through clonal rather than sexual reproduc-
tion, or that they established or expanded through sexual
reproduction but not selfing. It is also possible that field condi-
tions affecting gametophyte development and mating patterns
vary with disturbance history, so that field populations could dif-
fer in effective inbreeding rates even though their gametophytes
behaved similarly under common laboratory conditions.

This is, to our knowledge, the first quantitative study of sexual
reproduction in D. punctilobula, so many questions remain unan-
swered. Though Conard (1908) described gametophytes of this
species as “practically always dioecious” (p.35), quantitative
observations of sexual development would be useful. In addi-
tion, D. punctilobula gametophytes were shown to respond to
the antheridiogen produced by P. aquilinum, a hormone re-
leased by female gametophytes that induces maleness in neigh-
boring gametophytes (Nif 1979). However, it is unknown whether
D. punctilobula typically secretes and responds to its own antherid-

iogen, or to what extent this mechanism may facilitate outcross-
ing. Population genetic studies could quantify genetic diversity
within D. punctilobula populations to elucidate the relative impor-
tance of selfing, outcrossing, and sexual reproduction in general,
as opposed to vegetative spread. The data reported here suggest
that population establishment and expansion via sexual repro-
duction may be relatively rare in this clonal species.

Acknowledgements

The authors thank E. Lonsdorf, J. Mena-Ali, and K. Miller for
their comments; C. Cole and T. Ivy for lab help; and Franklin &
Marshall College for support.

References

Aikens, M.L., Ellum, D., McKenna, ].J., Kelty, M.J., and Ashton, M.S. 2007. The
effects of disturbance intensity on temporal and spatial patterns of herb
colonization in a southern New England mixed-oak forest. For. Ecol. Manage.
252: 144-158. d0i:10.1016/j.foreco.2007.06.031.

< Published by NRC Research Press


http://dx.doi.org/10.1016/j.foreco.2007.06.031

Botany Downloaded from www.nrcresearchpress.com by CSP Staff on 12/01/14
For personal use only.

Flinn et al.

Baker, H.G. 1955. Self-compatibility and establishment after “long-distance” dis-
persal. Evolution, 9: 347-349. doi:10.2307/2405656.

Burns, J.H., Ashman, T.-L., Steets, J.A., Harmon-Threatt, A., and Knight, T.M. 2011.
A phylogenetically controlled analysis of the roles of reproductive traits in
plant invasions. Oecologia, 166: 1009-1017. d0i:10.1007/s00442-011-1929-9. PMID:
21328010.

Chiou, W.-L., Farrar, D.R., and Ranker, T.A. 2002. The mating systems of some
epiphytic Polypodiaceae. Am. Fern J. 92: 65-79. doi:10.1640/0002-8444(2002)
092[0065:TMSOSE]2.0.CO;2.

Conard, H.S. 1908. The structure and life-history of the hay-scented fern. Carne-
gie Institution of Washington, Washington, D.C.

Crist, K.C., and Farrar, D.R. 1983. Genetic load and long-distance dispersal in
Asplenium platyneuron. Can. J. Bot. 61(6): 1809-1814. d0i:10.1139/b83-190.

Darwin, C. 1876. The effects of cross- and self-fertilization in the vegetable king-
dom. John Murray, London, UK.

de Groot, G.A., Verduyn, B., Wubs, E.R]., Erkens, R.H.J., and During, H.J. 2012.
Inter- and intraspecific variation in fern mating systems after long-distance
colonization: the importance of selfing. BMC Plant Biol. 12: 3. doi:10.1186/
1471-2229-12-3. PMID:22217252.

de la Cretaz, A.L, and Kelty, M.J. 2002. Development of tree regeneration in
fern-dominated forest understories after reduction of deer browsing. Restor.
Ecol. 10: 416-426. d0i:10.1046/j.1526-100X.2002.02037.x.

Fei, S., and Steiner, K.C. 2008. Relationships between advance oak regeneration
and biotic and abiotic factors. Tree Physiol. 28: 1111-1119. doi:10.1093/treephys/
28.7.1111. PMID:18450575.

Flinn, K.M. 2006. Reproductive biology of three fern species may contribute to
differential colonization success in post-agricultural forests. Am. J. Bot. 93:
1289-1294. doi:10.3732/ajb.93.9.1289. PMID:21642193.

Flora of North America. 2014. Dennstaedtia punctilobula. New York. [Online.] Avail-
able from http://[www.efloras.org/florataxon.aspx?flora_id=1&taxon_id=
200003214 [accessed 13 June 2014].

George, L.O., and Bazzaz, F.A. 1999. The fern understory as an ecological filter:
growth and survival of canopy-tree seedlings. Ecology, 80: 846-856. doi:10.
1890/0012-9658(1999)080[0846:TFUAAE]2.0.CO;2.

Groninger, J.W., and McCormick, L.H. 1992. Effects of soil disturbance on hay-
scented fern establishment. North. J. Appl. For. 9: 29-31.

Harmon-Threatt, A.N., Burns, J.H., Shemyakina, L.A., and Knight, T.M. 2009.
Breeding system and pollination ecology of introduced plants compared to
their native relatives. Am. J. Bot. 96: 1544-1550. doi:10.3732/ajb.0800369.
PMID:21628299.

Hill, J.D., and Silander, J.A., Jr. 2001. Distribution and dynamics of two ferns:
Dennstaedtia punctilobula (Dennstaedtiaceae) and Thelypteris noveboracensis
(Thelypteridaceae) in a northeast mixed hardwoods-hemlock forest. Am. J.
Bot. 88: 894-902. d0i:10.2307/2657041. PMID:11353714.

Holbrook-Walker, S.G., and Lloyd, R.M. 1973. Reproductive biology and gameto-
phyte morphology of the Hawaiian fern genus Sadleria (Blechnaceae) relative
to habitat diversity and propensity for colonization. Bot. J. Linn. Soc. 67:
157-174. d0i:10.1111/j.1095-8339.1973.tb01736.x.

Horsley, S.B., and Marquis, D.A. 1983. Interference by weeds and deer with
Allegheny hardwood reproduction. Can. J. For. Res. 13(1): 61-69. doi:10.1139/
x83-009.

Hughes, ].W., and Fahey, T.J. 1991. Colonization dynamics of herbs and shrubs in
a disturbed northern hardwood forest. J. Ecol. 79: 605-616. doi:10.2307/
2260656.

Klekowski, E.J., Jr. 1969. Reproductive biology of the Pteridophyta. III. A study of
the Blechnaceae. Bot. J. Linn. Soc. 62: 361-377. doi:10.1111/j.1095-8339.1969.
tb01973.x.

Klekowski, E.J., Jr. 1970. Populational and genetic studies of a homosporous
fern—-Osmunda regalis. Am. J. Bot. 57: 1122-1138. d0i:10.2307/2441278.

Klekowski, E.J., Jr. 1971. Evidence against genetic self-incompatibility in the
homosporous fern Pteridium aquilinum. Evolution, 26: 66-73. do0i:10.2307/
2406983.

Klekowski, E.J., Jr., and Lloyd, R.M. 1968. Reproductive biology of the Pterido-
phyta. I. General considerations and a study of Onoclea sensibilis L. Bot. J. Linn.
Soc. 60: 315-324.

Lloyd, R.M. 1974. Mating systems and genetic load in pioneer and non-pioneer
Hawaiian Pteridophyta. Bot. J. Linn. Soc. 69: 23-35. doi:10.1111/.1095-8339.
1974.tb01611.x.

Lloyd, R.M., and Gregg, T.L. 1975. Reproductive biology and gametophyte mor-
phology of Acrostichum danaeifolium from Mexico. Am. Fern J. 65: 105-120.
doi:10.2307/1546343.

Lloyd, R.M., and Warne, T.R. 1978. The absence of genetic load in a morpholog-
ically variable sexual species, Ceratopteris thalictroides (Parkeriaceae). Syst. Bot.
3: 20-36. doi:10.2307/2418530.

915

Lott, M.S., Volin, J.C., Pemberton, R.W., and Austin, D.F. 2003. The reproductive
biology of the invasive ferns Lygodium microphyllum and L. japonicum (Schizae-
aceae): implications for invasive potential. Am. J. Bot. 90: 1144-1152. doi:10.
3732/ajb.90.8.1144. PMID:21659214.

Lowry, R. 2014. VassarStats: website for statistical computation. [Online.] Avail-
able from http:/[vassarstats.net/abc.html [accessed 5 May 2014].

Marrs, R.H., and Watt, A.S. 2006. Biological flora of the British Isles: Pteridium
aquilinum (L.) Kuhn. J. Ecol. 94: 1272-1321. doi:10.1111/j.1365-2745.2006.01177 x.

Masuyama, S. 1979. Reproductive biology of the fern Phegopteris decursive-pinnata.
I. The dissimilar mating systems of diploids and tetraploids. Bot. Mag. Tokyo,
92: 275-289.

Nif, U.1979. Antheridiogens and antheridial development. In The experimen-
tal biology of ferns. Edited by A.F. Dyer. Academic Press, London, UK.
pp. 435-470.

Pannell, J.R., and Barrett, S.C. 1998. Baker’s law revisited: reproductive assurance
in a metapopulation. Evolution, 52: 657-668. doi:10.2307/2411261.

Peck, J.H., Peck, CJ., and Farrar, D.R. 1990. Influences of life history attributes on
formation of local and distant fern populations. Am. Fern J. 80: 126-142.
d0i:10.2307/1547200.

Penrod, K.A., and McCormick, L.H. 1996. Abundance of viable hay-scented fern
spores germinated from hardwood forest soils at various distances from a
source. Am. Fern J. 86: 69-79. d0i:10.2307/1547640.

R Core Team. 2014. R: a language and environment for statistical computing,
Vienna, Austria. Available from http:/fwww.r-project.org [accessed 25 August
2014].

Ranker, T.A., and Houston, H.A. 2002. Is gametophyte sexuality in the laboratory
a good predictor of sexuality in nature? Am. Fern J. 92: 112-118. d0i:10.1640/
0002-8444(2002)092[0112:IGSITL]2.0.CO;2.

Ranker, T.A., Gemmill, C.E.C., Trapp, P.G., Hambleton, A., and Ha, K. 1996.
Population genetics and reproductive biology of lava-flow colonising species
of Hawaiian Sadleria (Blechnaceae). In Pteridology in perspective. Edited by
J.M. Camus, M. Gibby, and R.J. Johns. Royal Botanic Gardens, Kew, UK.
pp. 581-598.

Royo, A.A., and Carson, W.P. 2006. On the formation of dense understory layers
in forests worldwide: consequences and implications for forest dynamics,
biodiversity, and succession. Can. J. For. Res. 36(6): 1345-1362. doi:10.1139/
x06-025.

Royo, A.A., and Carson, W.P. 2008. Direct and indirect effects of a dense under-
story on tree seedling recruitment in temperate forests: habitat-mediated
predation versus competition. Can. J. For. Res. 38(6): 1634-1645. d0i:10.1139/
X07-247.

Rubin, G., and Paolillo, D.]J., Jr. 1983. Sexual development of Onoclea sensibilis on
agar and soil media without the addition of antheridiogen. Am. J. Bot. 70:
811-815. doi:10.2307/2442930.

Rubin, G., Robson, D.S., and Paolillo, D.J., Jr. 1985. Effects of population density
on sex expression in Onoclea sensibilis L. on agar and ashed soil. Ann. Bot.
(Lond.), 55: 205-215.

Schueller, S.K. 2004. Self-pollination in island and mainland populations of the
introduced hummingbird-pollinated plant, Nicotiana glauca (Solanaceae). Am.
J. Bot. 91: 672-681. doi:10.3732/ajb.91.5.672. PMID:21653422.

Singh, V.P., and Roy, S.K. 1977. Mating systems and distribution in some tropical
ferns. Ann. Bot. (Lond.), 41: 1055-1060.

Srivastava, R., Srivastava, J., Behera, S.K., and Khare, P.B. 2008. In vitro studies on
development of gametophyte, sex-ontogeny and reproductive biology of a
threatened fern, Microsorum punctatum (L.) Copel. Ind. J. Biotechnol. 7: 266-
269.

Suter, M., Schneller, J.J., and Vogel, J.C. 2000. Investigations into the genetic
variation, population structure, and breeding systems of the fern Asplenium
trichomanes subsp. quadrivalens. Int. J. Plant Sci. 161: 233-244. d0i:10.1086/
314258.

van Kleunen, M., and Johnson, S.D. 2007. Effects of self-compatibility on the
distribution range of invasive European plants in North America. Conserv.
Biol. 21: 1537-1544. doi:10.1111/j.1523-1739.2007.00765.x. PMID:18173477.

van Kleunen, M., Manning, J.C., Pasqualetto, V., and Johnson, S.D. 2008. Phylo-
genetically independent associations between autonomous self-fertilization
and plant invasiveness. Am. Nat. 171: 195-201. doi:10.1086/525057. PMID:
18197772.

Vervoort, A., Cawoy, V., and Jacquemart, A.-L. 2011. Comparative reproductive
biology in co-occurring invasive and native Impatiens species. Int. J. Plant Sci.
172: 366-377. d0i:10.1086/658152.

Wubs, ERJ., de Groot, GA., During, HJ., Vogel, J.C., Grundmann, M., Bremer, P., and
Schneider, H. 2010. Mixed mating system in the fern Asplenium scolopendrium:
implications for colonization potential. Ann. Bot. (Lond.), 106: 585-590.

< Published by NRC Research Press


http://dx.doi.org/10.2307/2405656
http://dx.doi.org/10.1007/s00442-011-1929-9
http://www.ncbi.nlm.nih.gov/pubmed/21328010
http://dx.doi.org/10.1640/0002-8444(2002)092%5B0065%3ATMSOSE%5D2.0.CO;2
http://dx.doi.org/10.1640/0002-8444(2002)092%5B0065%3ATMSOSE%5D2.0.CO;2
http://dx.doi.org/10.1139/b83-190
http://dx.doi.org/10.1186/1471-2229-12-3
http://dx.doi.org/10.1186/1471-2229-12-3
http://www.ncbi.nlm.nih.gov/pubmed/22217252
http://dx.doi.org/10.1046/j.1526-100X.2002.02037.x
http://dx.doi.org/10.1093/treephys/28.7.1111
http://dx.doi.org/10.1093/treephys/28.7.1111
http://www.ncbi.nlm.nih.gov/pubmed/18450575
http://dx.doi.org/10.3732/ajb.93.9.1289
http://www.ncbi.nlm.nih.gov/pubmed/21642193
http://www.efloras.org/florataxon.aspx?flora_id=1&taxon_id=200003214
http://www.efloras.org/florataxon.aspx?flora_id=1&taxon_id=200003214
http://dx.doi.org/10.1890/0012-9658(1999)080%5B0846%3ATFUAAE%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1999)080%5B0846%3ATFUAAE%5D2.0.CO;2
http://dx.doi.org/10.3732/ajb.0800369
http://www.ncbi.nlm.nih.gov/pubmed/21628299
http://dx.doi.org/10.2307/2657041
http://www.ncbi.nlm.nih.gov/pubmed/11353714
http://dx.doi.org/10.1111/j.1095-8339.1973.tb01736.x
http://dx.doi.org/10.1139/x83-009
http://dx.doi.org/10.1139/x83-009
http://dx.doi.org/10.2307/2260656
http://dx.doi.org/10.2307/2260656
http://dx.doi.org/10.1111/j.1095-8339.1969.tb01973.x
http://dx.doi.org/10.1111/j.1095-8339.1969.tb01973.x
http://dx.doi.org/10.2307/2441278
http://dx.doi.org/10.2307/2406983
http://dx.doi.org/10.2307/2406983
http://dx.doi.org/10.1111/j.1095-8339.1974.tb01611.x
http://dx.doi.org/10.1111/j.1095-8339.1974.tb01611.x
http://dx.doi.org/10.2307/1546343
http://dx.doi.org/10.2307/2418530
http://dx.doi.org/10.3732/ajb.90.8.1144
http://dx.doi.org/10.3732/ajb.90.8.1144
http://www.ncbi.nlm.nih.gov/pubmed/21659214
http://vassarstats.net/abc.html
http://dx.doi.org/10.1111/j.1365-2745.2006.01177.x
http://dx.doi.org/10.2307/2411261
http://dx.doi.org/10.2307/1547200
http://dx.doi.org/10.2307/1547640
http://www.r-project.org
http://dx.doi.org/10.1640/0002-8444(2002)092%5B0112%3AIGSITL%5D2.0.CO;2
http://dx.doi.org/10.1640/0002-8444(2002)092%5B0112%3AIGSITL%5D2.0.CO;2
http://dx.doi.org/10.1139/x06-025
http://dx.doi.org/10.1139/x06-025
http://dx.doi.org/10.1139/X07-247
http://dx.doi.org/10.1139/X07-247
http://dx.doi.org/10.2307/2442930
http://dx.doi.org/10.3732/ajb.91.5.672
http://www.ncbi.nlm.nih.gov/pubmed/21653422
http://dx.doi.org/10.1086/314258
http://dx.doi.org/10.1086/314258
http://dx.doi.org/10.1111/j.1523-1739.2007.00765.x
http://www.ncbi.nlm.nih.gov/pubmed/18173477
http://dx.doi.org/10.1086/525057
http://www.ncbi.nlm.nih.gov/pubmed/18197772
http://dx.doi.org/10.1086/658152

	cjb.pdf
	cjb-2014-0118
	Note
	Introduction
	Materials and methods
	Results
	Discussion

	Acknowledgements
	References



<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


