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Cretaceous fossils of derived leptosporangiate ferns are exceedingly rare.
We show that diverse polypod ferns existed in mid-Cretaceous woodlands of
Myanmar.
New fossil evidence is consistent with DNA based divergence time estimates.
Hypothesis of a Cretaceous diversification of polypods is confirmed.
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Abstract
Cretaceous fossils of derived leptosporangiate ferns (Polypodiales) are exceedingly
rare yet they are needed to confirm the hypothesis of a Cretaceous diversification of
polypod ferns as predicted by DNA-based divergence time estimates. Here we show
that diverse polypod ferns existed in the mid-Cretaceous woodlands of Myanmar. We
describe isolated sporangia with a vertical, broken annulus ring containing a
differentiated stomium as well as distinguished pinnae fragments. Krameropteris
resinatus gen. et sp. nov. is described based on a pinnae-fragment with free branched
veins, exindusiate sori and polypod sporangia with trilete spores, and assigned to the
early diverging polypod fern lineage Dennstaedtiaceae. Integration of the new fossil
evidence in a phylogenetic framework provides support to the hypothesis of a
Cretaceous diversification of polypod ferns.
Keywords
Cretaceous Terrestrial Revolution; Dennstaedtiaceae; divergence time estimates;
Krameropteris; Monachosorum; Polypodiales

1. Introduction
Incongruences between divergence time estimates obtained from the fossil record and
DNA sequence variation have been recognized for many lineages of organisms
(Benton and Ayala, 2003). In particular, the age of the crown group diversification of
angiosperms continues to be controversial because of conflicts between the age
estimates based on DNA sequence data and fossil evidence (Bell et al., 2010; Zeng et
al., 2014; Magallón et al., 2015). Less attention was given so far to the incongruence
concerning the Cretaceous diversification of derived ferns (= core Polypodiales). The
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hypothesis of a diversification of polypod ferns coinciding with the rise of the
angiosperms has been established on the basis of DNA based divergence time
estimates (Lehtonen et al., 2012; Schneider et al., 2004; Schuettpelz and Pryer, 2009).
Precursors of this hypothesis were introduced before the advent of DNA based dating
(Lovis, 1977; Rothwell, 1996; Smith, 1972), but were challenged by the rarity of
Cretaceous fossils of Polypodiales (Collinson, 1996, 2001; Skog, 2001). This pattern
is unlikely to be explained by rock bias against the preservation of ferns because
Jurassic and Cretaceous fossils are known for many other fern lineages such as
Cyatheales, Gleicheniales, Osmundales, Salviniales, and Schizaeales (Hu & Taylor,
2014; Kvacek et al. 2006; Mohr et al., 2015; Skog 2001; Smith et al., 2003; Smith et
al., 2015; Tidwell and Ash, 1994; Vera and Herbst, 2015). As pointed out in studies
on the spore record of ferns (Nagalingum et al., 2002), the microfossil record suggests
a decline of ferns in the late Mesozoic instead of the Cretaceous to Eocene radiation
suggested by DNA-based divergence time estimates (Schneider et al., 2004). Thus,
the paucity of fossil evidence supporting the occurrence of polypod ferns in the Early
Cretaceous somewhat resembles the pattern observed in angiosperms (Magallón et al.,
2015) and challenges the hypothesis of a Cretaceous radiation of derived ferns.
However, the apparent conflict between fossil evidence and DNA based divergence
time estimates may be solved by the discovery of new Cretaceous polypod fossils. In
particular, fossil evidence is required to confirm the presence of representatives of
early-diverging lineages of polypod ferns, such as Dennstaedtiaceae and Lindsaeaceae
to confirm their occurrence in the Late Jurassic and Early Cretaceous as predicted by
DNA based divergence time estimates (see Lehtonen et al., 2012; Schneider et al.,
2004; Schuettpelz and Pryer, 2009). So far, only a single study provided unequivocal
evidence for a Cretaceous occurrence of these ferns (Schneider and Kenrick, 2001) by
verifying the apomorphic root cortex anatomy of lindsaeoid ferns (Lindsaeaceae
sensu Christenhusz et al., 2011) in fossilized roots attached to Albian Tmesipteris
stems. As shown by this study, polypod ferns can be identified unequivocally in the
fossil record as long as apomorphic character states are preserved. The polypod clade
can be recognized by the apomorphic sporangium type, i.e. a sporangium with a
vertical, broken annulus ring containing a differentiated stomium (Schneider, 1996;
Schneider et al., 2009). The largely poor preservation of many compression fossils
disables the study of these structures. However, in the recent years, it has been shown
that such sporangia are sometimes preserved as amber inclusions (Grimaldi et al.,
2002; Lóriga et al., 2014).
Approximately 100 million-year-old Burmese amber (Grimaldi et al., 2002) provides
a unique opportunity to study the composition of terrestrial vegetation during the
Cretaceous-Terrestrial Revolution (KTR). This period is marked by the rise of
angiosperms, social insects, and early mammals (Benton, 2010; Lloyd et al., 2008;
Meredith et al., 2011) but also by the fact that terrestrial diversity exceeded marine
diversity for the first time (Vermeij and Grosberg, 2010). Discoveries based on
Burmese amber fossils have provided important insights to the diversification of
bryophytes (Feldberg et al., 2014; Hedenäs et al., 2014; Heinrichs et al., 2012, 2014a,
b), the evolution of insect-mediated pollination (Cardinal and Danforth, 2013; Poinar
and Danforth 2006; Ren et al. 2009), and the early diversification of ants (Barden and
Grimaldi, 2014). However, little attention has been given to ferns in Burmese amber
despite the occurrence of dispersed polypod sporangia (Grimaldi et al., 2002) and the
polypod-like fossil Cretacifilix fungiformis (Poinar and Buckley, 2008).
Here, we aim to show that diverse polypod ferns occurred in the mid-Cretaceous
forests of Myanmar. To achieve this we studied fragments of ferns preserved in
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Burmese amber including isolated sporangia and leaf fragments. Special attention was
given to sporangia showing the morphologically unique catapult mechanism
representing the apomorphy of polypod ferns (Schneider, 1996; Schneider et al.,
2009). This unique sporangium type is found in more than 95% of the Polypodiales
but not in any other fern. The presence of these sporangia is therefore considered as
convincing evidence for an occurrence of polypod ferns in the mid-Cretacous and is
thus comparable with the tricolpate pollen type widely recognized as significant
evidence for the occurrence of eudicots (Magallón et al., 2015).

Ac
ce
p

te

d

M

an

us

cr

1. Material and methods
The Burmese amber collections of the American Museum of Natural History (New
York), the Natural History Museum (London), and several private amber collections
were screened for inclusions of ferns (Table 1). Burmese amber derives from the
famous amber localities near the village of Tanai which is located on the Ledo Road
about 105 km north of Myitkyina in Kachin State, Myanmar. Biostratigraphic studies
suggested a late Albian age of the amber-bearing sediment (Cruickshank and Ko,
2003), hence the inclusions have a late Early Cretaceous age, with a minimum age of
98 million years (earliest Cenomanian, early Late Cretaceous) that is based on recent
U-Pb dating of zircons (Shi et al., 2012).
Amber pieces with fern fragments were prepared and imaged as described by Lóriga
et al. (2014). All images of Figs. 1-3 are digitally stacked photomicrographic
composites of up to 65 individual focal planes, obtained by using the software
package HeliconFocus 6.0 (HeliconSoft, http://www.heliconsoft.com) for an
enhanced illustration of three-dimensional structures.
The phylogenetic relationships of the investigated fossils were interpreted
using the phylogenetic framework corresponding to our current understanding of fern
evolution (Lehtonen, 2011) and morphological evidence (Table S1) assembled in
phylogenetic data-matrices used in phylogenetic studies (Schneider, 1996; Schneider
et al., 2009). The evolution of characters was reconstructed using the maximum
parsimony approach as implemented in Mesquite 3.03 (Maddison and Maddison,
2015). Structures observed in the fossils were compared to structures of extant species
using the exhaustive fern herbarium of the Natural History Museum (London). The
impact of the newly discovered fossils was tested using the most completely
preserved pinnae fragments that included well-formed sporangia. A dated
phylogenetic hypothesis was obtained for the putative extant relatives using DNA
sequences of the plastid coding gene rbcL (Table S1) downloaded from Genbank
(http://www.ncbi.nkm.nih.giv). The sequences were aligned manually using Mesquite
whereas the chronograms were obtained using Bayesian divergence time estimates in
BEAST 1.8.1 (Drummond et al., 2012) combined with jModeltest 2 (Darriba et al.,
2012) and PhyML (Guindon and Gascuel, 2003) for model-selection. The results of
the BEAST analyses were explored using TRACER 1.6 (Rambaut et al., 2014),
summarized using Treeannotater (see Drummond et al., 2012), and visualized using
FigTree 1.4.2 (Rambaut, 2014). Four alternative hypotheses were generated. Two
hypotheses were based on the assumption of a constant clock with a rate of 5 x 10-4
(Villareal and Renner, 2014), whereas the other two hypotheses were generated using
a lognormal relaxed clock calibrated with the amber fossil assigned to the split of the
Monachosorum and Hypolepis lineage. The calibration was incorporated using
lognormal distribution with the approximated age set to 98.79 (Shi et al., 2012) and a
truncate range of 98.79 to 400 million years. Both constant clock and relaxed clock
analyses were carried out either with a YULE tree parameter or Birth-Death tree
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us

cr

ip
t

1. Results
1.1. Dispersed sporangia
Three amber fragments (AMNH-Bu-342, AMNH-Bu-731, and AMNH-Bu-1612,
Table 1) contain numerous isolated, stalked sporangia that showed a vertically
oriented annulus with a well-marked stomium including epi- and hypostomium cells
(Fig. 1A-D). Fragment AMNH-Bu-1612 includes an aborted sporangium of ca 210
µm size and several mature sporangia of 220-260 µm size (Fig. 1B, D), of which one
contained trilete spores 20 - 32 µm in diameter (Fig. 1D). Fragment AMNH-BU-342
contains mature polypod sporangia of ca 230-270 µm size (Fig. 1A, C) and isolated
monolete spores of ca 20-35 µm diameter with a cristate perine that are sometimes
still attached to the sporangia, whereas fragment AMNH-BU-731 comprised polypod
sporangia of ca 230-240 µm size with trilete spores and an isolated trilete spore of 42
µm diameter possessing reticulate ridges and tubercles (Fig. 1E).
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1.1. Pinnae-fragments
Five amber pieces contained leaf-fragments of which four were sterile (Table 1, Figs.
2 and 3). Fragment AMNH Bu-ASJH-3 (Fig. 2) includes pinnae with free veins,
multicellular hairs of 30-310 µm length (Figs 2 F, G), and two well-developed round
exindusiate sori at the end of veins (Fig. 2A, B). The sori contained ca. 20-25
sporangia of ca 140-200 µm size that were likely mature (Fig. 2C, D). Some
sporangia were isolated (Fig. 2E). The sporangia had a distinct vertical annulus with a
well-formed stomium (Fig. 2D). Trilete spores of 17-23 µm size were present within
some sporangia (Fig. 2E). This combination of characters corresponds to the extant
fern genus Monachosorum of the early diverging polypod family Dennstaedtiaceae
(Figs. 4, 5). However, the pinnae showed a unique feature unknown to extant ferns.
Ring to tuber shaped structures of ca 70-100 µm diameter are arranged irregularly at
the lower leaf surface (Fig. 2A-C, see arrowhead in C). These structures appeared to
be likely associated with stomata and resemble the remnants of fungal fruiting bodies
found at the lower pinnae surface of extant Monachosorum specimens.
1.1. Taxonomic treatment of amber fossil AMNH Bu-ASJH-3
The pinnae-fragment preserved in amber piece AMNH Bu-ASJH-3 comprises a range
of taxonomically useful characters. It does not match any previously described genus
and thus we place it in a new fossil genus. The genus is classified as follows:
Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta;
Moniliformopses; Polypodiidae; Polypodiales; Denntstaedtiaceae.
Krameropteris H. Schneid, A.R. Schmidt & Heinrichs, gen. nov.
Diagnosis: Ferns with pinnae with free branched veins, multicellular hairs along
veins, exindusiate sori at ends of veins, polypod sporangia, and trilete spores.
Type species: Krameropteris resinatus H. Schneid., A.R. Schmidt & Heinrichs, sp.
nov., Fig. 2.
Holotype: AMNH Bu-ASJH-3.
Respitory. American Museum of Natural History, New York.
Type locality. Amber mines near Tanai, about 105 km north of Myitkyina in Kachin
State, Myanmar.

Page 4 of 20

ip
t

Etymology. The generic name was chosen in honour of the pteridologist Prof. Karl
Ulrich Kramer (1928-1994), a distinguished fern taxonomist. The epitheton refers to
the preservation of the holotype in amber, a fossil resin.
Description. The amber inclusion is composed of a single, 3.2 x 2.2 mm sized leaf
fragment (Fig. 2A). The pinnae fragment has free branched veins, multicellular hairs
of 30-310 µm length along some veins, and two exindusiate sori located at the ends of
veins. Each sorus contains ca 20-25 mature polypod sporangia of ca 140-200 µm size
with a vertical broken annulus and a distinct stomium. Some sporangia contain trilete
spores of 17-23 µm diameter.
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1.1. Divergence time estimates
The recovered divergence time estimates suggest a diversification of the
dennstaedtioid crown group during the Early Cretaceous if the fossil is assigned as a
calibration to the split of the Monachosorum clade and its sister lineage, the HYPclade (Table 2). Slightly younger ages were found if the divergence time estimates
were calculated using a standard molecular clock of 5 x 10-4 (see Table 2). Similarly,
the tree prior Yule versus Death-Birth processes affected the age estimates with the
Death-Birth prior providing the oldest estimates for most clades (Table 2).
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1. Discussion
1.1. Amber fossils as a source to understand fern evolution
Until recently, amber inclusions have hardly been considered as a relevant source of
information in studies on the evolutionary history of ferns. The lack of attention given
to ferns in amber is likely caused by the rarity and small size of the preserved
fragments including separated indusia and sporangia (Schmidt and Dörfelt, 2007),
isolated hairs (Schmidt et al., 2010, Pérez-de la Fuente et al., 2012), or small leaffragments that do not show many characters of taxonomic value (Caspary and Klebs,
1907; Göppert and Berendt, 1845). Isolated indusia in Eocene Baltic amber provided
evidence for the persistence of Matoniaceae in the European flora at least until the
late Eocene (Schmidt and Dörfelt, 2007), while these ubiquitous Mesozoic ferns are
now restricted to a few localities in the Malay Archipelago (Collinson, 2001; Tidwell
and Ash, 1994). Thus, amber fossils showed that the extinction of these widespread
Mesozoic ferns in the European flora did not happen before the late Eocene,
providing evidence that this extinction is neither linked to the rise of the angiosperms
nor to the Cretaceous-Paleogene mass extinction. Studies on fern fossils in Miocene
Dominican amber did not only document the first fossil records of grammitid ferns
(Gomez, 1982), and the genera Elaphoglossum (Lóriga et al., 2014) and Pleopeltis
(Schneider et al., 2015), but also improved current estimates of the assembly of
epiphytic fern diversity in the Neotropics.
The new fossils provide unambiguous evidence for the occurrence of polypod ferns in
the Burmese amber forest because the sporangia possess the unique apomorphic
catapult mechanism of polypod ferns. The presence of this sporangium type in several
amber fragments may also indicate that polypod ferns were locally abundant in these
forests, which challenges but not rejects the notion of an assumed rarity of polypod
fossils throughout the Cretaceous (Collinson, 2001; Skog, 2001). Consistent with the
frequency of polypod sporangia, the new fossil evidence suggests the occurrence of at
least two lineages of polypod ferns. On one hand, polypod sporangia were found
associated with trilete spores (AMNH-Bu-1612, AMNH Bu-ASJH-3). This
combination is frequently found in basal polypod families such as Dennstaedtiaceae
and Lindsaeaceae as well as the species rich family Pteridaceae. The second group of
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sporangia (AMNH-Bu-342) combines the polypod sporangium type with the
occurrence of monolete spores with a distinct perine. This character combination is
found frequently in eupolypod ferns but monolete spores with distinct perines are also
found in the Pteridium-Hypolepis clade of the Denstaedtiaceae (Tryon & Lugardon,
1991). Monolete spores are also found in other orders of ferns but these spores lack
the distinct perine (Tryon & Lugardon, 1991). All fossils documented in this study
were distinct from Cretacifilix fungiformis (Poinar and Buckley, 2008). This fern
possessed polypod sporangia producing monolete spores without an evident perine.
However, it is not possible to accept the proposed relationship of this fossil to derived
families of eupolypods because of the insufficient documentation of character states
and the unavailability of this fossil.
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1.1. Evidence for dennstaedtioid ferns in the Cretaceous
Divergence time estimates predicted the occurrence of early diverging polypod
families in the Early Cretaceous (Lehtonen et al., 2012; Schneider et al., 2004;
Schuettpelz and Pryer, 2009). However, so far only one unequivocally assigned fossil
has been documented from this period, namely an Albian lindsaeoid root fossil
(Schneider and Kenrick, 2001). The pinnae-fragment of the present study (Fig. 2)
closes a gap in the fossil record of dennstaedtioid ferns. Sporangia of the polypod type
in combination with trilete spores are found in the pteridoid ferns and in several
families of the basal polypod grade including Cystodiaceae, Dennstaedtiaceae,
Lindsaeaceae, Lonchitidaceae, and Saccolomataceae (Schneider, 1996; Schneider et
al., 2009; Tryon and Lugardon, 1991). Of these families, only the Denstaedtiaceae
contain genera fitting with the remaining characters of the fossil such as the absence
of indusiate structures (Figs. 4, 5). Sporangia arranged in sori with a distinct
receptaculum and the absence of indusia characterize several fern genera, but only the
extant genus Monachosorum possesses these character states in combination with
polypod sporangia producing trilete spores. Monachosorum was considered to form
an own family (Kramer, 1990) but nested in a clade comprising genera previously
assigned to Dennstaedtiaceae and Hypolepidaceae in several molecular phylogenies
(Hasebe et al., 1994; Lehtonen, 2011; Schuettpelz and Pryer, 2007). This clade is now
considered as Dennstaedtiaceae (Christenhusz et al., 2011; Smith et al., 2006)
although it comprises three distinct lineages. The three distinct Dennstaedtiaceae
lineages arguably diverged in the Early Cretaceous (Fig. 5; Table 2). The first clade
(DEN in Fig. 5) comprises genera with indusiate sori and trilete spores such as
Dennstaedtia, Leptolepia, and Microlepia. The second clade (HYP in Fig. 5)
comprises genera with different sporangia-arrangements, indusiate structures, and
venation. Four out of the five genera, namely Blotiella, Histopteris, Hypolepis, and
Paesia, possess monolete spores whereas Pteridium forms trilete spores (Fig. 5.
However, only Hypolepis has its sporangia arranged in circular sori, whereas the
sporangia are arranged in lines along the lamina margin in all other genera of this
clade (Schneider et al., 2009). The third lineage—the putative sister to the HYPclade—comprises the single genus Monachosorum (Fig. 5). Monachosorum species
resemble the fossil in the formation of trilete spores, presence of exindusiate sori and
a simultaneous maturity of sporangia. With the notable exception of Monachosorum
maximowizcii (Kramer, 1990), the extant Monachosorum species have pinnulae
resembling those of the fossil. Their current distribution range includes Japan, China,
Indochina, the Indian subcontinent and parts of the Malay Archipelago (Kramer,
1990). The newly discovered fossil thus suggests the persistence of these ferns in
Southeast Asia since the Early Cretaceous. Given the uncertainty of character state
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evolution, the fossil may not be a member of the stem of Monachosorum as
considered here but actually better placed at the branch leading to the split between
Monachosorum and the HYP-clade (M&H in Fig. 5). However, this appears to be less
likely given the character state reconstructions obtained. The unique ring-tubular
structures surrounding some stomata of the fossil require further study. At the
moment, we consider them as remnants of the fruiting bodies of phytoparasitic fungi
because similar structures were found as remnants of fungal fruiting bodies at the
lower surface of herbarium specimens of Monachosorum. These structures show
similarities in size and irregular arrangement.
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1.1. Divergence time estimates
DNA-based divergence time estimates reconstructing the split-times of clades over
millions of years require to adjust the molecular clock using information provided by
the fossil record (Parham et al., 2012). Application of the angiosperm pollen record as
a maximum age constraint led to the hypothesis of a Cretaceous origin of the
angiosperm crown group whereas a minimum age constraint allows to consider an
initial diversification in the Triassic (Schneider et al., 2004; Bell et al., 2010; Smith et
al., 2010; Magallón, 2014; Zeng et al., 2014; Magallón et al., 2015). However, node
age calibrations are challenged by a range of issues and thus the impact of each fossil
must be studied independently. This procedure helps to identify violations of
assumptions taken in the assignment of fossils to lineages and nodes. For example,
incorrect taxonomic assignments will result in inappropriate node calibrations and
may subsequently cause incorrect divergence time estimates (Heinrichs et al., 2015).
Another common issue is the usage of incorrect estimates of the age of fossils.
However, the most important factor misleading divergence time estimates is the lack
of fossils that can be unequivocally assigned to lineages. The impact of such fossils is
further enhanced if their age dates back to the time period that is crucial to the
investigated evolutionary hypothesis. Therefore, the impact of newly found fossil
evidence should not only be published in form of a taxonomic description but it
should be an imperative to explore the fossils’ impact on our current understanding of
the evolutionary history of the extant relatives using divergence time estimates. This
cannot be achieved by the acceptance of published chronograms. Considering the
limited number of assignable polypod fossils (see Schneider & Kenrick, 2001, 2004),
Krameropteris resinatus fills a crucial gap in our knowledge on Cretaceous ferns, and
assignment of the fossil to the split of Monachosorum and its sister lineage leads to
divergence time estimates (Table 2) that were consistent with estimates obtained in
the most comprehensive dating study of ferns available (Schuettpelz and Pryer, 2009).
Most of the estimates of these authors overlapped with the confidence intervals
obtained in this study (Table 2) with the notable exception of the split between the
Monachosorum and the HYP-clade. This is caused by the rather conservative
employment of the calibration log-model. We also explored a standard mutation rate
proposed for chloroplast DNA of seed-free land plants (Villarreal & Renner, 2014)
and arrived at somewhat younger ages than considering both fossil and molecular
evidence.
1. Conclusions
The new fossil evidence from Burmese amber is consistent with DNA based
divergence time estimates (see Schneider et al., 2004; Schuettpelz and Pryer, 2009),
which predicted the occurrence of basal lineages of polypods in the mid-Cretaceous.
Most importantly, the source forests of Burmese amber show a distinct fern diversity

Page 7 of 20

which is so far exclusively formed by polypods, whereas all other previously reported
Cretacous fern floras were dominated by other fern orders including Cyatheales,
Gleicheniales, Marattiales, Osmundales, and Schizaeales (Coiffard et al., 2007; Hu
and Taylor, 2014; Mays et al., 2015; Mendes et al., 2011; Mohr et al., 2015;
Nagalingum and Cantrill, 2015; van Konijnenburg-van Cittert, 2002; Wing et al.,
2012).
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Fig. 1 Dispersed sporangia in Cretaceous Burmese amber. (A) Sporangium with four
attached cristate, monolete spores (AMNH-Bu-342). (B, C) Empty sporangia with
well-visible stomium (AMNH-Bu-1612 [B], and AMNH-Bu-342 [C]). (D)
Sporangium containing trilete spores (AMNH-Bu-1612). (E) Isolated trilete spore
possessing reticulate ridges and isolated tubercles (AMNH-Bu-731). Scale bars = 50
µm (A-D), and 10 µm (E).

Fig. 2 Holotype of Krameropteris resinatus sp. nov. (AMNH-Bu-ASJH-3). (A)
Overview of the pinnae fragment. (B) Close-up showing two exindusiate sori. (C)
Sorus with ca 25 sporangia. The arrowhead indicates what we interpret as remains of
phytoparasitic fungi. (D) Sporangium containing trilete spores. (E) Remain of isolated
sporangium containing two well-visible trilete spores (arrowheads). (F) Hairs at the
lower leaf side. (G) Hairs (indicated by arrowheads) at the upper leaf side. Scale bars
= 200 µm (A-C), and 30 µm (D-G).

Fig. 3 Burmese amber inclusions of pinnae fragments without sporangia further
substantiating a diverse fern flora including polypods. (A) Leaf fragment with free
vein with forked branches and hydathodes (Beate Stolz Amber Collection, sine
numero). (B) Leaf fragment with free veins (Carsten Gröhn Amber Collection, no.
11039). (C) Leaf fragment with free venation (AMNH-Bu-158b). (D) Leaf fragment
with free venation and possessing damage by invertebrate grazing (left) (AMNH-Bu119). Scale bars = 1 mm.
Fig. 4 Fern phylogeny (based on Lehtonen 2011) showing the distribution of
sporangia types among the main lineages of leptosporangiate ferns corresponding to
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orders (white triangles) with the exception of Polypodiales which are shown as major
groups (grey triangles: Eupolypods I, Eupolypods II, Pteridaceae) and basal polypod
lineages (black triangles: Cystodiaceae, Dennstaedtiaceae, Lindsaeaceae,
Lonchitidaceae, Saccolomataceae). Size of triangles reflects an approximation of the
species diversity of each clade as approached by the number of species incorporated
in the phylogeny to an estimate of the number of species included in phylogenetic
studies. The black star marks the apomorphy of the polypods—the sporangium with a
vertical annulus and a distinct stomium. Distribution of spore shapes is indicated for
each main clade with the exception of the heterosporous Salviniales. Spore symbols:
Triangle: trilete spores; Black ovals: monolete spores with the perine closely attached
to the exine; Ovals with black border and grey center: monolete spores with distinct
perine. The putative ancestral (and more common) type is shown on the left, whereas
the derived (and sometime rare) type is shown on the right. Monolete spores with a
distinct perine are the putative apomorphy of the clade comprising the eupolypod
lineages.
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Fig 5 Divergence time estimate of Dennstaedtiaceae based on rbcL DNA sequence
data and analyses carried out in BEAST. The shown hypothesis is based on analyses
using a relaxed molecular clock model with a YULE tree parameter and the
calibration set to the M&H node. Major nodes are indicated by abbreviation given
below branches (see also Table 2), whereas the time scale is given in million years in
the past (Ma). The grey rectangle indicates the assumed duration of the Cretaceous
Terrestrial Revolution (KTR). Grey horizontal lines indicate confidence intervals
while stars indicate posterior confidence value p ≥ 0.95. In parentheses, alternative
generic names are given for species of the polyphyletic genus Dennstaedtia.
Occurrences of three informative characters are shown for main clades using three
squares organized from left to right character 1 to 3. Black filling = character state 0,
white filling = character state 1, and grey filling = ambiguous. Character 1—Spore
shape: trilete (0), monolete (1); Character 2—true indusia: present (0), absent (1);
Character 3—arrangement of sporangia in: round to ovate sori (0), marginal coenosori
or related arrangements (1).

Table 1 Burmese Amber inclusions investigated in this study.
Collection
Illustration
Description
AMNH-Bu-119
Fig. 3D
Leaf fragment (partly damaged by
invertebrate grazing) with free venation
and without sporangia
AMNH-Bu-158b
Fig. 3C
Leaf fragment with free venation and
without sporangia
AMNH-Bu-342
Fig. 1A, C
Several isolated polypod sporangia (with
ca. 13 to 20 annulus cells) & isolated
monolete spores with distinct cristate
perine
AMNH-Bu-731
Fig. 1E
Several isolated polypod sporangia (ca 18
annulus cells) and one isolated trilete spore
in the matrix. The isolated trilete spore
shows some reticulate ridges and isolated
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Fig. 1B, D

AMNH Bu-ASJH-3

Fig. 2

tubercles
Several isolated polypod sporangia (ca 1418 annulus cells), including one aborted
sporangium, several empty mature
sporangia, and one mature sporangium
including trilete spores
Pinnae-fragment with exindusiate sori,
polypod sporangia containing trilete spores
Leaf fragment without sporangia and free
veins

ip
t

AMNH-Bu-1612

cr

Carsten Gröhn Amber
Fig. 3B
Collection (Glinde,
germany) , no. 11039
Beate Stolz Amber
Fig. 3A
Collection (Bremen,
Germany), sine numero

an

us

Leaf fragment without sporangia, free vein
with forked branches (occasionally with 3forkes) and hydathodes, indumentum not
visible
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Table 2 Divergence time estimates of main clades of Dennstaedtiaceae obtained from
four analyses and compared with the results published in Schuettpelz & Pryer (2009).
CalYU: estimates using relaxed clock plus the assignment of the Krameropteris fossil
to the split between Monachosorum-clade and Hypolepidioideae clade using Yule
parameter; CalBD: same as CalYU but with Birth-Death including incomplete
sampling parameter; ClockYU: based on constant molecular clock with a rate of
5x10-4 and Yule process; ClockDB: same as ClockYU but with Birth-Death including
incomplete sampling parameter; S&P: estimates published by Schuettpelz & Pryer
2009. Crown group age estimates are given as mean plus 95% confidence interval
except for S&P because no confidence estimates were provided. The mean posterior
value is given for each of the BEAST analyses in row PS. NA: not applicable because
of the insufficient taxon sampling or different kind of analysis. Abbreviations for
clades as in Fig. 4: MNH = Dennstaedtiaceae, DEN = Dennstaedtia clade, HYP =
Hypolepis clade MON = Monachosorum clade, M&H = Monachosorum clade &
Hypolepis clade.
CalYU
CalDB
ClockYU
clockDB
S&P
DMH 122.1 (99.7137.4 (99.295.6 (82.298.4 (83.2119.3
158.8)
214.7)
111.0)
114.6)
M&H 99.8 (98.899.9 (99.084.6 (70.987.4 (16.6106.3
103.9)
103.7)
101.0)
34.3)
HYP 72.4 (51.168.1 (40.260.6 (42.561.9 (50.971.7
90.3)
93.1)
62.7)
74.8)
DEN 89.4 (60.398.0 (44.864.7 (52.466.2 (53.772.2
132.1)
153.7)
77.9)
80.5)
MON 34.8 (15.929.9 (8.9-62.9) 24.9 (16.524.8 (16.6NA
59.3)
33.9)
34.3)
PS
-5178.9
-5166.7
-5211.7
-4973.9
NA
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Figure 2
Click here to download high resolution image
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Figure 3
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Eupolypods II
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Dennstaediaceae

Pteridoids

Lindsaeaceae/Lonchitidacae/
Cystodiaceae/ Saccolomataceae
Cyatheales
Salviniales
Schizaeales
Gleicheniales
Hymenophyllales

Osmundales
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Figure 5

Monachosorum flagellare
Monachosorum arakii
Monachosorum henryi
Monachosorum maximowiczii
Pteridium esculentum
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MON

Pteridium aquilinum

cr

M&H

Hypolepis sp.

HYP

us

Hypolepis tenuifolia

Hypolepis sp.
Hypolepis goetzei

an

Hypolepis punctata

Paesia scaberula
Histiopteris incisa
Blotiella pubescens
Blotiella glabra
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DMH

Dennstaedtia samoensis
Dennstaedtia dissecta
Dennstaedtia sp.
Dennstaedta (Coptodipteris) wilfordii
Dennstaedtia (Fuziifilix) hirsuta
Dennstaedtia (Sitolobium) punctilobula
Dennstaedtia (Patania) scabra
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DEN

Leptolepia novae-zelandiae

Microlepia marginata

Ac

Microlepia strigosa complex

Microlepia platyphylla
Microlepia speluncae

KTR
150.0

125.0

100.0

Microlepia hookeriana
75.0

50.0

25.0

0.0

time (Ma)
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