






disappearance of ferns of all three major groups,
zygopteridales, filicales and marattiales (Figs 12, 13),
whereas sphenopsid diversity remains fairly unaltered. In
the case of seed plants, an increase in number of species up
the basin succession is observed among conifers. There are
already 6 species just above the Coal I and this number in-
creases to 13–14 species in the upper part of the Letovice
Formation. This rise in the role of conifers in the fossil re-
cord is even more striking in normalised vegetation pattern
(Fig. 12) where the percentage of conifers increases from
a few to ~ 35% at the top of the Letovice Formation.

A rather different pattern is displayed by pteridosperms
(Figs 12, 13). They reach a maximum diversity of up to

20 species in the Padochov Formation from which their
number decreases to 10–12 in the remaining Veverská
Bítýška and Letovice formations. Due to a more pro-
nounced decrease in diversity of cryptogamic plants in the
same way, however, the percentage of pteridosperms
throughout the basin sequence remains nearly constant.
Apparent trends exist among particular plant groups within
pteridosperms. Concerning species numbers, medullo-
saleans reach the maximum diversity in the Rosice-Osla-
vany group of coals (� 11), whereas maximum diversity of
peltasperms, up to 9 species, is achieved in the overlying
Padochov Formation of early Asselian age (Fig. 13). Plants
of uncertain affinity, possibly pteridosperms (Taylor et al.
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!������"%# Vegetation patterns of individual fossiliferous horizons of the Boskovice Basin based on species diversity major plant groups. Abbrevia-
tions: V.B. – Veverská Bítýška, Zbon.-Svit. – Zboněk-Svitávka, S.a. – Sphenophyllum angustifolium, A.c. – Autunia conferta.
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2009) including genera Taeniopteris and Supaia appear at
a maximum of 4 species in the upper part of the Letovice
Formation, whereas only one species is present in the late
Gzhelian Rosice-Oslavany Formation. Their increasing
role to top of the basin succession (late Asselian) is ampli-
fied when expressed as percentage of overall diversity
(Fig. 13).
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Plant assemblages of major fossiliferous horizons were sta-
tistically evaluated by calculating measure of similarity for
the constrained unweighted pairs using the Simpson coeffi-
cient (Fig. 14). For each horizon we included species that
have been physically found in the particular horizon as well
as those whose presence is assumed from their occurrence
below and above. Three stratigraphically constrained major
clusters represent principal plant assemblages established
after major compositional and ecological changes, possibly
driven by climate. In other words, each of major clusters re-
presents intervals of relative ecological and compositional
stability with only minor changes in plant assemblages
between neighbouring lacustrine horizons.

The cluster 1 is characterised by dominance of hygro-
philous flora of clastic and peat-forming wetlands that in-
cludes sigillarians and even lepidodendroid lycopsids, al-
though dominating are maratiallean ferns. Subdivision into
two subgroups is due to occasional appearance of conifer
and peltasperm remains, typical of the Permian part of the
succession, in the vicinity of the Coal I and in the
Helmhacker Horizon above it. These are, however, found
as drifted allochtonous remains separate from typical
hygrophilous flora (Němejc 1951). The cluster 2 includes
lacustrine horizons of the Padochov, Veverská Bítýška and
lower parts of the Letovice formations, up to the level of
the Zboněk-Svitávka Horizon. According to Šimůnek &
Martínek (2009) assemblages of these fossiliferous hori-
zons are dominated by pteridosperms with conifers being
co-dominant or subdominant. The cluster 3 groups hori-
zons in the upper part of the Letovice Formation, the plant
assemblages of which are dominated by conifers, as re-
flected in their diversity (Figs 12, 13) as well as in predomi-
nance of their remains (Šimůnek & Martínek 2009). Worth
noting is that these major clusters of similarity of plant as-
semblages nearly faithfully correspond to the assemblages
of fish faunas as suggested by Zajíc (2000) and Štamberg
(2014).
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The Late Pennsylvanian–Early Permian is a time of the
Late Paleozoic Ice Age culmination (see Fielding et al.

2008, Bishop et al. 2009, Isbell et al. 2012, Montañez &
Poulsen 2013). Physical environmental data from this in-
terval provide support for a long-term, 107-year scale prog-
ressive trend of warming and increasing drying in equato-
rial Pangea (Schneider et al. 2006, Montañez et al. 2007,
Tabor & Poulsen 2008). Combined with this trend are shor-
ter 106-year scale intervals of global warming and cooling
(Birgenheier et al. 2009), recorded in the paleotropics of
central and western Pangea as alternation of dry and wet
phases (Roscher & Schneider 2006, Opluštil & Cleal
2007), and possibly related to incompletely understood va-
riations in CO2/O2 levels in the atmosphere (Horton et al.
2007), although there is a parallel opinion that substrate
dryness, driven at least partly by tectonic processes, may be
a more important controlling factor than simple climate
(Cleal et al. 2010, 2011).

Further superimposed on these intervals are even
shorter climatic oscillations of ~ 105 years recorded as
glacio-eustatically driven cycles or cyclothems (Tandon &
Gibling 1994, Gibling & Rygel 2008, Heckel 2008). This
climatic complexity is evident not only from the sedimen-
tary record and paleosols (Driese & Ober 2005; Tabor et al.
2008; Rosenau et al. 2013a, b; Allen et al. 2014; Opluštil et
al. 2015; Lojka et al. 2009, 2016), but also from time-coin-
ciding changes of terrestrial biota (e.g. Falcon-Lang et al.
2009, 2011; DiMichele et al. 2006, 2008; DiMichele
2014).

In the Boskovice Basin the overall trend of increas-
ing aridity and drying is recorded as a transition from the
upper Gzhelian grey coal-bearing strata of the
Rosice-Oslavany Formation to the lower Cisuralian
dominantly red bed strata of the Padochov, Veverská
Bítýška and Letovice formations. This climatic trend af-
fected also the preservation of organic matter and char-
acter of plant fossil-bearing horizons. In the Rosi-
ce-Oslavany Formation these were mostly peat and
clastic swamps developed on lake shallows (Šimůnek &
Martínek 2009). Lake level prevented the wetlands from
seasonal water table changes and allowed long-lasting
peat accretion. In contrast from the overlying Padochov
Formation, coal seams, even thin, are absent. Instead,
plant remains are preserved only in nearshore mudstones
and siltstones or offshore black shales and organic mat-
ter-rich limestones, whereas dessication cracks are ob-
served in lake mudflat sediments of the Chudčice Hori-
zon (Šimůnek & Martínek 2009).

The presence of a few to tens of metres thick grey,
mostly lacustrine intervals “interrupting” the overall flu-
vial red beds succession (Nehyba & Mastalerz 1997, Pešek
et al. 2001) suggests the existence of shorter-term climatic
oscillations between semi-humid to semi-arid conditions
(Šimůnek & Martínek 2009). Similar climatic oscillations
may have resulted in alternation of peat and clastic deposi-
tion of the Rosice-Oslavany group of coals, the latter being
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!������"&# Vegetation patterns within major plant groups. Abbreviations: V.B. – Veverská Bítýška, Zbon.-Svit. – Zboněk-Svitávka.
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locally red. Assuming the coal-bearing cycles of these con-
tinental basins were driven by similar mechanisms to
cyclothems of the paralic basins (glacieustacy driven by
global climate), their length can be estimated in rank of ky
(Heckel 2008, Gastaldo et al. 2009).

The rich fossil record analysed in this study comes from
windows of preservation formed under high and stable
ground-water table (late Gzhelian) or lake level (Asselian),
both maintained by relatively humid climate. In contrast
the fossil record of drier intervals represented by red beds is
insufficiently known due to low preservation potential re-
sulting in rareness of plant fossils and their poor quality.
These are mostly conifer impressions.

Plant assemblages from humid intervals (grey hori-
zons) differ temporally based on the frequency of their
findings (Šimůnek & Martínek 2009). Coal seams of the
Rosice-Oslavany group, especially their roof shales are
dominated by hygrophilous tree fern (Šimůnek & Martínek
2009). Locally codominant are sphenopsids whereas
pteridosperms, mostly medulosalleans (e.g. Alethopteris

zeilleri, Odontopteris schlotheimi) or callistophytaleans
(Dicksonites pluckenetii) are subdominant to rare. Typical,
although rare, are remains of arborescent lycospids,
Sigillaria brardii, Lepidophloios cf. acerosus and
Lepidodendron sp., the latter two typical of Westphalian
peat swamps (DiMichele & Phillips 1994, DiMichele et al.
2010). In contrast, the hygrophilous assemblage from the
roof of coals lacks the remains of callipterids and conifers.
Callipterids appear for the first time in a close proximity
above the roof of the Coal I, but separately from the
hygrophilous flora (Augusta 1946, Němejc 1951). Their
fragments occur in association with similarly fragmented
conifer remains and unidentifiable plant detritus thus indi-
cating an allochtonous origin of the assemblage (Němejc
1951). The onset of callipterids above the Coal I possibly
indicates a climatic shift to drier conditions (Šimůnek &
Martínek 2009). Floras of lacustrine horizons of the
Padochov Formation are generally mixed pteridosperm-
and conifer-dominated assemblages as indicated both by
diversity patterns (Figs 12, 13) and frequency of their plant
remains (Šimůnek & Martínek 2009). In contrast, the
Chudčice Horizon in the Veverská Bítýška Formation pro-
vided plant assemblages dominated by conifers (Šimůnek
& Martínek 2009) and a marked drop of diversity of ferns
and pteridosperms including peltasperms (Figs 12, 13).
Conifers are considered as one of the most reliable indica-
tors of environments with seasonal moisture stress
(DiMichele 2014) and their dominancy in this level indi-
cates further shift to drier climate. A return to
pteridosperm-dominated flora is observed in the Zboněk-
Svitávka and Lubě lacustrine horizons in the lower part of
the Letovice Formation (Šimůnek & Martínek 2009). The
pteridosperms are dominated by peltasperms, especially by
Autunia conferta, and this assemblage possibly indicates
a slight increase of humidity. Flora of the Míchov and
Bačov lacustrine horizons in the upper part of the Letovice
Formation are again conifer-dominated based on fre-
quency of their remains, and therefore interpreted as evi-
dence for increased aridity in comparison with the lower
part of the Letovice Formation (Šimůnek & Martínek
2009). This interpretation is in agreement with diversity of
plant assemblages of this stratigraphic interval (Figs 12, 13),
where conifers attain the highest diversity of all
plant-bearing intervals of the Boskovice Basin. In con-
trast diversity of ferns significantly decreases. Typical for
these youngest lacustrine windows are representatives of
the genera Taeniopteris and Supaia. The above described
assemblages clearly indicate a gradual, although not regu-
lar trend of increasing aridity recorded as a transition
from the hygrophilous plant assemblage of the
Rosice-Oslavany group of coals to peltasperm and espe-
cially conifers dominated plant assemblages preserved in
the lacustrine horizons of Permian part of the basin suc-
cession.
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!������"(# Dendrogram of macrofloral assemblages of the Boskovice
Basin following constrained cluster analysis of unweighted pairs using
Simpson coefficient. The principal clusters reflect major changes in
macroflora and are discussed in the text. Abbreviations: VBF – Veverská
Bítýška Formation.
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The above-described succession of vegetation patterns and
plant assemblages around the Carboniferous-Permian tran-
sition is not unique to the Boskovice Basin but has been ob-
served elsewhere in Europe and North America where this
transition is preserved (Broutin et al. 1990, 1992; Château-
neuf et al. 1992; DiMichele et al. 2001, 2005, 2007; Bar-
thel & Rößler 2012, Opluštil et al. 2016b). This trend is
characterised by a general decline of “Carboniferous-type”
wetlands flora and increasing importance of walchian
conifer-peltasperm floras (Kerp 1996, 2000; DiMichele et
al. 2005, 2008, 2009; DiMichele 2014; Looy et al. 2014).
The latter appear sporadically in the basin lowlands during
the Late Pennsylvanian and become dominant during the
early Permian as a consequence of aridification trend (Di-
Michele et al. 2008). Spatio-temporal differences in vege-
tation patterns and their successions, however, exist across
central and western tropical Pangea, including the local
presence of some “Mesophytic” elements like taeniopte-
rids, supaioids and Podozamites or voltzian conifers (Di-
Michele et al. 2001). Some of these assemblages have been
found in association with evaporites or calcic vertisols sug-
gesting strong seasonality further supported by presence of
growth rings (Falcon-Lang et al. 2011, 2014). Detailed
comparison is, however, beyond the scope of this study,
partly because of absence of precise radioisotopic data to
establish high-resolution correlation between individual
areas. Currently only the Intra-Sudetic Basin in the north-
ern part of the Czech Republic provides the comparably
high stratigraphic resolution and data for comparison
(Opluštil et al. 2016b). In the Intra-Sudetic Basin the radio-
isotopically constrained Carboniferous-Permian transition
is recorded in the Chvaleč and Broumov formations, the
floras and fish faunas of which are equivalent to the entire
Boskovice Basin succession. The apparent difference
between these two areas exists in overall floral diversity,
which is more than doubled in the Boskovice Basin (up
to ~ 50 species comparing to over 20 species maximum in
this interval in the Intra-Sudetic Basin). Apart from this
difference the vegetation patterns are very similar, show-
ing an increase in diversity of conifers and peltasperms
throughout this interval and decrease of “Carboni-
ferous-type” wetlands flora or complete decline of some
of its elements (lepidodenroid lycopsids). In the
Intra-Sudetic Basin the percentage of conifers in vegeta-
tion patterns increases from 12% in the late Gzhelian to
about 40–50% in the late Asselian part of the succession.
In equivalent strata of the Boskovice Basin the proportion
of conifers rises from few to ~ 35% (Fig. 12). Differences
of similar rank exist also among most other groups; how-
ever, increasing proportion of conifers and peltasperms
up the section is obvious in both basins for time equiva-
lent strata.
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The Boskovice Basin is a half-graben that preserves about
5 km thick succession of continental red beds interrupted
by grey mostly lacustrine horizons bearing rich floras and
faunas, and recording biotic changes across the
Carboniferous-Permian transition. Our new high-resolu-
tion U-Pb CA-IDTIMS dating of single zircon crystals sep-
arated from acid volcanic rock embedded below the top of
the Rosice-Oslavany Formation in lower part of the basin
succession provided an age of 298.88 ± 0.09 Ma. This age
nearly exactly corresponds to the Carboniferous-Permian
boundary as currently accepted by the International Chro-
nostratigraphic Chart (v2016/4). Physical connection of
the Boskovice Basin with the Intra-Sudetic and
Krkonoše-Piedmont basins in northern part of the Czech
Republic allowed for correlation of their successions based
on similarities of their fish faunas. This correlation sug-
gests a late Asselian age for the youngest fish faunas of the
Boskovice Basin. This age is confirmed also by radioiso-
topic ages of volcanites embedded in strata associated with
lacustrine horizons bearing very similar fish faunas in the
Intra-Sudetic and Krkonoše-Piedmont basins. These radio-
isotopic ages enable us to better characterise vegetation
changes in purely continental settings in a temporal context
and to correlate them with global marine stages.

The fill of the Boskovice Basin records a well-known
aridification trend marked by the transition from Late
Gzhelian grey coal-bearing strata to Asselian fluvial red
beds. The red beds succession is interrupted by grey lacus-
trine horizons suggesting that upon the long-term trend of
increasing aridity are superimposed shorter-term oscilla-
tions between drier and more humid climates. Possible
existence of even shorter climatic variations is indicated
by lake level fluctuation and occasional complete
dessication.

These climatic changes had a profound effect on biota
and affected its preservation. Fossil remains are concen-
trated into windows of preservation formed under high
ground water table or lake level during humid phases. Veg-
etation patterns of individual windows of preservation, for-
merly being wetlands and lakes, mimic the major climatic
variations. In the broadest view they clearly demonstrate
the overall aridification trend between late Gzhelian and
late Asselian times. It is characterised by transition from
assemblages dominated by free-sporing plants, mostly tree
ferns, typical of Late Pennsylvanian wetlands, to
peltasperm-walchian conifers-dominating patterns. Simi-
lar successions have been observed elsewhere in the former
central and western equatorial Pangea including the
Intra-Sudetic Basin. Vegetation patterns of equivalent
strata of both basins shows strong similarity, although di-
versity in the Intra-Sudetic basin is only about half of that
in the Boskovice Basin.
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