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ABSTRACT. The Cretaceous-Paleogene (K-Pg) boundary Chicxulub impact is supposed to have produced a nearly
decade-long impact winter which resulted in a mass-extinction event among dicot angiosperms but which left
pteridophytes comparatively unaffected. Dicot angiosperms subsequently recovered from the soil seed bank
following an episode of global deforestation, although this recovery took centuries. Pteridophytes, on the other
hand, are supposed to have recovered within months of the impact event, due to the characteristic, short-term
viability of fern spores in the soil bank – an interpretation consistent with the assumption that the dominant
fern spore at the K-Pg boundary fern spore spike, Cyathidites Couper, was produced by cyatheaceous foliage. At
the K-Pg boundary section near Sugarite, New Mexico, however, Cyathidites spores are more likely to have been
produced by schizaeaceous foliage, which produces spores capable of germinating after spending about a decade
or more in the soil and which already commanded similar depositional settings in western North America during
the Maastrichtian. Therefore, the protracted – millennial – timescale for fern dominance in the earliest Danian
could be related to the unique ecology of schizaeaceous ferns that recovered from a persistent spore bank in
a habitat that they already dominated, presumably by suppressing the colonization of angiosperms.
KEYWORDS: K-Pg boundary, mass extinction, impact winter, Cyathidites, Cyatheaceae, Schizaeaceae, fern spore spike, spore
viability

INTRODUCTION
The patterns of pteridophyte and dicot angio
sperm recovery across the Cretaceous-Paleogene (K-Pg) boundary appear paradoxical. On
one hand, the characteristic short-term viability of fern spores in the soil bank is supposed
to indicate that the fern spore spike associated
with the K-Pg mass extinction event occurred
within a few months of the K-Pg impact (Sweet
2001, Spicer & Collinson 2014). On the other
hand, a severe, decade-long impact winter is
supposed to have caused a mass extinction
event among dicot angiosperms (Blonder et al.
2014, Spicer & Collinson 2014, Vajda & Bercovici 2014, Field et al. 2018). Sweet (2001:
135), for example, concluded that the shortterm viability of fern spores in the soil bank
precluded “an initial period of near blackout

and freezing” like that predicted under Pope
et al.’s (1994) model of a nearly decade-long
impact winter, although this impact winter is
supposed to have not only selectively filtered
dicot angiosperms but also delayed their recovery for several centuries (Blonder et al. 2014,
Spicer & Collinson 2014, Clyde et al. 2016,
Field et al. 2018).
Due primarily to modern conservation efforts,
the long-term viability of fern spores in the soil
bank has been studied extensively. Based on
these studies, Spicer & Collinson (2014: 119)
observed, “Fern spores have limited viability
in the soil spore bank, with proven longevities
typically measured in months or at most years.
In the case of seeds, however, viabilities can
be much longer, often exceeding a decade or
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more.” The dominant fern spores in the K-Pg
fern spore spike, Cyathidites diaphana (Wilson
& Webster) Nichols & Brown and Laevigato
sporites haardtii (Potonie & Venitz) Thomson
& Pflug, are typically attributed to cyatheaceous ferns and blechnaceous ferns, respectively
(Vajda et al. 2001, Ocampo et al. 2007, Nichols
& Johnson 2008, Spicer & Collinson 2014, Vajda
& Bercovici 2014). Although non-chlorophyllous
fern spores characteristically exhibit long-term
viability as compared to chlorophyllous spores
(Lloyd & Klekowski 1970), cyatheaceous spores
are notable exceptions (Mehra & Gupta 1986,
Ford & Fay 1999). It is well known that Cyathea
Smith spores can remain viable for more than
a year in cold storage, although these spores
completely lose viability by three years (Fig.
1A; Simabukuro et al. 1998a). Therefore, under
natural conditions the viability of Cyathea
spores in the soil bank is typically measured on
the order of weeks or months rather than years
(Page 1979, Mehra & Gupta 1986, Simabukuro
et al. 1998a, b, 2000, Ford & Fay 1999, Goller
& Rybczyński 2007, Marcon et al. 2014). The
results of these studies clearly indicate that
the recovery of cyatheaceous ferns from the soil
spore bank probably took place within the first
few months after the K-Pg impact (Sweet 2001,
Spicer & Collinson 2014); however, this may not
have been possible, due to global darkness and
freezing (e.g. Pope et al. 1994, Galeotti et al.
2004, Vellekoop et al. 2014, 2016, Bardeen et al.
2017). Indeed, non-photosynthetic saprophytes
may have thrived in the first two years after the
K-Pg impact (Vajda & McLoughlin 2004, 2007,
Ocampo et al. 2007), when photosynthesis was
prevented by soot and other aerosols (Fig. 1A;
Bardeen et al. 2017).
High-precision dating of bioevents at the
K-Pg boundary is fraught with difficulties and
is therefore largely based on inference (Nichols
& Johnson 2008). At the present time, high-precision dating of the K-Pg boundary fern spore
spike indicates that it occurred within a century of the K-Pg impact event and lasted for
about a millennium (Clyde et al. 2016, Field
et al. 2018). Although the initial pattern of
plant recovery across the K-Pg boundary was
viewed as analogous to pioneer succession following an ecological disaster (Tschudy et al.
1984), the protracted – millennial – timescale
for fern dominance is enigmatic and may not be
attributable to typical, seral succession (Wolfe
& Upchurch 1987, Spicer & Collinson 2014).
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DISCUSSION
Although the dispersed-spore species Cyathi
dites diaphana is often stated to be a cyatheaceous fern, there is no evidence to support this
interpretation (Nichols 1995). Within the Raton
Basin of northeastern New Mexico, Anemia-like
schizaeaceous foliage collected from the K-Pg
boundary section at Sugarite is associated with
dispersed C. diaphana spores (Fig. 1B; Berry
2019, Berry et al. in press). Anemia-like schizaeaceous foliage is known to have been capable of producing psilate, Lygodium-like trilete
spores presently classified in the dispersedspore genus Cyathidites (Chandler 1955, 1963,
Balme 1995, Collinson 2001, Trivett et al. 2006,
Berry 2019, Berry et al. in press), and numerous authors have suggested that spores presently classified as C. diaphana were produced
by Anemia-like schizaeaceous foliage in particular (Warter 1965) or schizaeaceous foliage
in general (Bolkhovitina 1961, Hedlund 1966,
Kroeger 1995). Moreover, Chandler (1963) suggested that the species of fern foliage collected
from the K-Pg boundary at Sugarite, “Anemia”
elongata (Newberry) Knowlton, probably produced spores presently classified as Cyathidi
tes (Fig. 1B; Balme 1995, Berry 2019, Berry
et al. in press). Only two fern megafossils that
have been collected from the Raton Formation
are known (1) to have been capable of producing the dominant spores at the K-Pg boundary fern spore spike and (2) to have survived
the K-Pg impact (Berry 2019, Berry et al. in
press); therefore, there is strong support for the
hypothesis that Anemia-like schizaeaceous foliage collected from the K-Pg boundary section
at Sugarite produced the Cyathidites spores
observed in this section (Berry 2019), particularly since thelypteridaceous fern thickets
can be linked to Laevigatosporites-dominated
palynofloral assemblages farther up the section
(Berry et al. in press). For all of these reasons,
it is necessary to reconsider the hypothesis that
the dominant spores in the K-Pg boundary fern
spore spike were short-lived because of their
alleged affinity to cyatheaceous ferns.
Fern species show considerable variation in
spore viability. Spores of most species remain
viable for only a few months, although spores of
a few, rare species remain viable for more than
a decade (Nayar & Kaur 1971, Spicer & Collinson 2014). The exceptional viability of these
spores is on par with that of seeds of many
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dicot angiosperms (Spicer & Collinson 2014).
When stored at the same temperature (4°C)
as relatively long-lived spores of a cyatheaceous species, which completely lost viability
by the third year of storage (Simabukuro et al.
1998a), Anemia Swartz spores remained viable
for more than 30 years (Fig. 1A; Nester-Hudson 2011). Under natural conditions, Anemia
spores characteristically exhibit “extreme viability” of 20 years or more (Fig. 1A; Schraudolf 1986: 271). Although apparently not as
extreme as Anemia, Lygodium Swartz spores
(Fig. 1A) are also known to remain viable for
a number of years (Laage 1907, Sussman 1965,
Ferriter 2001, Hutchinson et al. 2006, Sebesta
et al. 2016), as they have been documented to
remain viable for at least eight years in the
soil bank (Hutchinson & Langeland 2006,
Rowe & Lockhart 2011). Likewise, spores of
Mohria Swartz (Fig. 1A) are known to remain
viable for at least eight years (Atkinson 1960;
also see Laage 1907, Sussman 1965).
It has long been noted that cyatheaceous
spores require light for germination, whereas
schizaeaceous spores (e.g. Anemia, Lygo
dium, and Mohria) characteristically exhibit
dark germination of spores (Life 1907, Nester
& Coolbaugh 1986, Schraudolf 1986, Lott et al.
2003, Ospina et al. 2015). Cyathea spores germinate poorly under red light, with the highest frequency of germination occurring under
white light or shorter-wavelength light (Simabukuro et al. 1998a, b, Ospina et al. 2015, Suo
et al. 2015). This implies that Cyathea spores
germinate on or near the surface (Simabukuro
et al. 1998a, b, Suo et al. 2015); that is consistent with the observation that these spores
lose viability rapidly (Mehra & Gupta 1986,
Ford & Fay 1999). In contrast, dark germination of schizaeaceous spores is well understood
to be a product of antheridiogen effects, which
facilitate the relatively rapid mass germination of long-dormant spores in soil banks pending the initial exposure of some spores, which
then mature, to red light (Nester 1985, Nester
& Coolbaugh 1986, Schraudolf 1986, Chiou
& Farrar 1997, Lott et al. 2003, Suo et al.
2015). Nester (1985: 4) observed, “Red light is
an absolute requirement for spore germination
in the schizaeaceous ferns.” As red light penetrates farther into the soil than other wavelengths of visible light, red light can reach
regenerative plant tissues, such as spores, buried centimeters beneath the surface (Mo et al.
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Fig. 1. A. Timescale for events following the K-Pg boundary Chicxulub impact, relative to proven longevities of fern
spores. Single asterisk (*) denotes the end of the non-photosynthetic phase of terrestrial recovery (saprophyte dominance) or the end of global darkness (Ocampo et al. 2007,
Bardeen et al. 2017). Double asterisk (**) denotes the end
of the nearly decade-long K-Pg impact winter according to
Pope et al. (1994) and Bardeen et al. (2017), based on the settling times of sulfuric acid aerosols and soot aerosols, respectively. C denotes the complete loss of viability of Cyathea
delgadii Sternberg spores under cold (4°C) storage (Simabukuro et al. 1998a). Such multi-year viability for Cyathea
spores is unusual, as most spores lose viability within weeks
or months (Mehra & Gupta 1986, Ford & Fay 1999). L and
M denote the long-term viability of Lygodium microphyllum
Brown and Mohria caffrorum Linnaeus spores (Akinson 1960,
Rowe & Lockhart 2011). Ap denotes the long-term viability
of Anemia phyllitidis (Linnaeus) Swartz spores in the soil
bank (Schraudolf 1986). Am denotes the long-term viability
of Anemia mexicana Klotzsch spores under cold (4°C) storage
(Nester-Hudson 2011). B. Illustration of Anemia-like schizaeaceous foliage collected from the K-Pg boundary section
near Sugarite, New Mexico, adapted from Lee and Knowlton (1917). Drawing of Anemia spore based on photograph of
A. poolensis Chandler spores by Rouse (1962: pl. 3, figs 25,
26). The fern collected from the K-Pg boundary section near
Sugarite is supposed to have produced spores similar to these
(Chandler 1963). Indeed, these spores closely match Cyathi
dites diaphana (Wilson & Webster) Nichols & Brown spores
(Rouse 1962, Warter 1965, Berry 2019), which are associated
with Anemia-like schizaeaceous foliage in the K-Pg boundary
section near Sugarite. Drawing of C. diaphana spore adapted
from a photograph by Vajda et al. (2013: fig. 4.5)

2015). All of these factors suggest that schizaeaceous ferns are generally adapted to recover
from the soil spore bank following long periods
unfavorable to growth, such as droughts (e.g.
Schraudolf 1986). Once established, schizaeaceous ferns often form thickets demonstrating
allelopathic and other inhibitory effects, which
suppress the colonization of dicot angiosperms
and which enhance their invasive potential
(Lott et al. 2003, Walker & Sharpe 2010).

22

Within the extensively studied Meeteetse
flora at Big Cedar Ridge (BCR) in Wyoming,
Wing et al. (2012) observed Anemia-like schizaeaceous fern thickets dominating peatforming depositional settings in a subtropical
coastal habitat. Based on these observations,
Wing et al. (2012: 40) concluded that these fern
thickets were presumably “neither strongly
nutrient limited nor early successional” and
that “the evidence from BCR suggests that as
late as the latest Campanian, schizaeaceous …
ferns were still able to dominate the vegetation
of a habitat they no longer command today:
warm coastal wetlands without strong nutrient limitation or frequent disturbance.” Wing
et al.’s (2012) latest Campanian age assessment (72.7 ±1.43 Ma) was based on radiometric dating of the BCR tuff, which preserved the
Meeteetse flora; however, they also noted that
the Meeteetse Formation at BCR is underlain
by the Baculites grandis ammonite zone and
lies above the base of magnetochron C31r.
Therefore, the Meeteetse flora at BCR cannot
be older than Maastrichtian in age (Ogg 2012).
In fact, the Meeteetse flora must be essentially
equivalent in age to the Vermejo Formation,
which conformably underlies the K-Pg boundary-bearing unit in northeastern New Mexico
(Berry 2019, Berry et al. in press). Consequently, very near the end of the Cretaceous,
Anemia-like schizaeaceous ferns dominated
depositional settings like those observed at the
K-Pg boundary section at Sugarite. This suggests that Anemia-like schizaeaceous foliage
likely produced a persistent soil spore bank in
this habitat.
Climate models based on sulfuric acid or soot
aerosols predict a K-Pg impact winter lasting
about eight years (Pope et al. 1994, Galeotti
et al. 2004, Bardeen et al. 2017). Sweet (2001)
argued that the short-term viability of fern
spores ensured that the K-Pg boundary fern
spore spike could not have taken place after
such an impact winter. However, this interpretation is based on the premise that the dominant fern spores in the fern spore spike were
produced by cyatheaceous ferns, which have
short-lived spores (Spicer & Collinson 2014).
Based on the results of this study, it is clear
that the spores of schizaeaceous ferns (Ane
mia, Lygodium, Mohria) remain viable for at
least eight years (about a decade or more) and
could therefore have recovered from the soil
bank following a nearly decade-long impact
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winter akin to that predicted by Pope et al.
(1994) or Bardeen et al. (2017). This interpretation is further bolstered by the red-light
requirement for spore germination observed in
schizaeaceous ferns (Nester 1985), as red light
penetrates centimeters into the soil (Mo et al.
2015) and thus can reactivate viable spores
buried for several years (e.g. Leck & Simpson
1987, Lindsay & Dyer 1990, de Groot & During 2013).
Additional support for the hypothesis that
the K-Pg boundary fern spore spike occurred
after a nearly decade-long impact winter might
be drawn from studies of the long-term viability of taxa that could have produced the other
dominant spores at the fern spore spike. Collinson (2002) attributed the dominant species of
Laevigatosporites spore at the K-Pg boundary
fern spore spike to thelypteridaceous foliage,
and these spores were subsequently collected
from the intact sporangia of a thelypteridaceous
fern (Stockey et al. 2006). Stockey et al. (2006)
described these spores as L. ovatus s.l. Wilson
& Webster – a taxon widely regarded as a junior synonym for L. haardtii (Nichols 2002), the
dispersed spore Collinson (2002) attributed to
thelypteridaceous foliage. Today, Thelypteris
palustris Schott spores are known to remain
viable in the soil bank for at least a decade and
to form a persistent spore bank (Leck & Simpson 1987, Lindsay & Dyer 1990, Bremer 2007,
de Groot & During 2013), although there is at
least one report of T. palustris spores losing
viability rapidly under storage conditions (e.g.
Ballesteros et al. 2012). Based on these preliminary results, it is plausible that there was
potential for long-term spore viability in Laevi
gatosporites, provided that these spores are in
fact attributable to a species of thelypteridaceous fern as suggested by Collinson (2002),
Berry (2019) and Berry et al. (2019). As the
aforementioned viability studies are limited to
a single species of thelypteridaceous fern, however, it is unclear whether these results are as
generally applicable as those observed among
the schizaeaceous ferns.

CONCLUSION
Since the K-Pg boundary fern spore spike
was first described in detail by Tschudy et al.
(1984), fern dominance in the earliest Danian
has been attributed to the fact that ferns are
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“pioneer recolonizers of devastated landscapes,
and their proliferation represents a classic
example of a ‘disaster flora’ composed of taxa
capable of rapidly generating from spores”
(Field et al. 2018: 3–4). At the K-Pg boundary
section at Sugarite, New Mexico, however, the
dominant fern spores at the fern spore spike
were likely produced by taxa that could have
regenerated from spores nearly a decade after
the impact and which already commanded
similar depositional settings in western North
America during the Maastrichtian, presumably by suppressing the colonization of angiosperms. For these two reasons, the protracted,
millennial timescale for fern dominance in the
earliest Danian may be accounted for by the
unique ecology of Anemia-like schizaeaceous
ferns, which likely recovered from a persistent
spore bank in a habitat that they already commanded in the Maastrichtian.
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