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Wetland floras narrowly define perceptions of Pennsylvanian tropical ecosystems, the so-called Coal Age.
Such wetlands reflect humid to perhumid climate, leading to characterizations of Pennsylvanian tropics as
everwet, swampy. These views are biased by the high preservation potential of wetlands. Sedimentation
patterns, paleosols, and fossil floras indicate the presence of vegetation tolerant of subhumid to dry–
subhumid, perhaps semi-arid climate in basins between peat formation times. Understanding the
significance of this seasonally-dry vegetation has suffered from conceptual and terminological confusion.
A clearer view has emerged as models for framing the data have improved. Basinal floras typical of
seasonally-dry conditions, relatively low soil moisture regimes, are well documented but mainly from
isolated deposits. Some of the earliest, dominated by primitive pteridosperms (“Flözfern” floras), occur in
clastic rocks between European Early Pennsylvanian coal beds. Later Early Pennsylvanian, fern–cordaitalean
vegetation, different from coal floras, is preserved in marine goniatite bullions. Conifers are first suggested by
late Mississippian Potoniesporites pollen. About the same time, in North America, broadleaf foliage, Lesleya
and Megalopteris occur in basin-margin settings, on drought-prone limestone substrates. The best known,
xeromorphic floras found between coal beds appear in the Middle through Late Pennsylvanian, containing
conifers, cordaitaleans, and pteridosperms. The Middle Pennsylvanian appearances of this flora are mainly
allochthonous, though parautochthonous occurrences have been reported. Parautochthonous assemblages
are mostly Late Pennsylvanian. The conifer flora became dominant in western and central Pangaean
equatorial lowlands in earliest Permian. Location of the humid–perhumid wetland flora during periods of
relative dryness, though rarely discussed, is as, or more, perplexing than the spatial location of seasonally-
dry floras through time — wetland plants had few migratory options and possibly survived in small refugia,
within and outside of basins. Coupled oscillations in climate, sea level, and vegetation were driven most
likely by glacial–interglacial fluctuations, perhaps controlled by orbital cyclicity.

Published by Elsevier B.V.

1. Introduction

The Pennsylvanian Subperiod of the Carboniferous is often referred
to as the “Coal Age” in recognition of its vast deposits of European and
North American coal. Over a period of 15–20 million years, wetland
landscapes, some of which appear to have been of vast aerial extent
(Wanless and Wright, 1978; Cecil et al., 2003a; Greb et al., 2003)
formed at low latitudes during cyclic oscillations of climate and
attendant sea level (Cecil, 1990; Cecil et al., 2003a; Poulsen et al.,
2007), driven, at least in part, by glacial–interglacial cyclicity (Wanless
and Shepard, 1936; Heckel, 2008; Rygel et al., 2008). The excellent

quality of many of the resultant low-ash coals, especially during the
Early and early Middle Pennsylvanian (for terminology used in this
paper see Fig. 1), indicates derivation from domed, ombrogenous peat
that was subjected to little if any influx of mineral matter (Cecil et al.,
1985). Such peats form in the tropics today only under conditions of
high rainfall, exceeding evapotranspiration for 11–12 months a year
(humid to perhumid climate: Cecil, 2003; Cecil and Dulong, 2003). The
relatively high-ash, high-sulfur coal beds of the late Middle and Late
Pennsylvanian inNorthAmericawere derived fromplanar topogenous
peat (Cecil et al., 1985), under mildly seasonal climates, but sufficient
to support an elevated water table. In either case, commercial-grade,
high quality coal beds are prima facie evidence of humid climates. The
Pennsylvanian flora of such ecosystems is well known frommore than
150 years of study of pollen and sporemicrofossils and of macrofossils
preserved in coal-ball concretions (e.g., Hooker and Binney, 1855;
Phillips et al., 1985; Peppers, 1997).
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Reference is made to ancient non-marine wetlands throughout
this paper. Terms used to define the characteristics of such wetlands
remain ambiguous and/or vaguely synonymous. To overcome this,
ancient wetlands are defined herein on the basis of the following: 1)
materials that were deposited or formed in wetlands such as peat,
limestone, or clastic minerals; 2) water source, mainly from rainfall
(ombrogenous peats) or fluvial/ground water (topogenous peats);
and 3) surface morphology of peat deposits, either domed or planar
(Cecil et al., 1985). The use of the term “peat” is restricted herein to
plant-derived organic deposits that originally contained ≤10%
mineral matter on a dry basis (Cecil and Dulong, 2003), which,
following concentration in response to compaction and coalification
to bituminous rank, resulted in coal (b20% mineral matter). Wetlands
are referred to by that term or by the term swamp, the latter especially
to describe non-marine wetlands where either peat formed (peat
swamp, ≤10% mineral matter) or clastic materials were deposited
(clastic swamp) under a vegetation that included trees. Swamp is
defined by the United States Geological Survey as a “forested low,
spongy land generally saturated with water and covered with trees
and aquatic vegetation; may be a deepwater swamp…, which has
standing water all or part of the growing season or … forests that are
only flooded periodically” (URL: http://www.nwrc.usgs.gov/fringe/
glossary.html). The term has been extensively used to describe
modern clastic swamps such as the “back swamps” of fluvial systems,
peat-forming environments, such as the Okefenokee Swamp of
Georgia, USA (topogenous, planar peat), or the peat-swamp forests
of equatorial Southeast Asia (ombrogenous, domed peat) (Anderson,
1964; Cecil et al., 1985). Swamp includes small to vast wetland areas
that are composed of either peat or clastics. The term swamp is used in
preference to mire because early use of mire, which continues to
persist, refers to small wet areas of nonspecific composition, but
specifically excluding trees. The term mire is defined by the European
Nature Information System as including “habitats that are saturated,
with the water table at or above ground level for at least half of the
year, dominated by herbaceous or ericoid vegetation e.g., bogs,
marshes. Includes waterlogged habitats where the groundwater is
frozen. Excludes waterlogged habitats dominated by trees or large
shrubs” (URL: http://glossary.eea.europa.eu). The EUNIS terminology
unites mire, fen, and bog.

Pennsylvanian-age coal beds often are intimately associated with
fossil-plant-bearing siliciclastic rocks (mudstone, shale, siltstone, and
sandstone) forming the immediate “roof shales” or subjacent
mudstones in gradational contact with the coal bed (Gastaldo et al.,
1995). In most cases, the floras of these rocks are composed of the
same families and genera as those of the coal beds but of different

species in different proportions. These siliciclastic strata represent a
wide range of lowland wetland environments, from the initial and
final phases of swamp development (Gastaldo et al., 2004; DiMichele
et al., 2007; Gastaldo et al., 2009), to riparian and fluvio-deltaic floras
of various types (Scott, 1978; Gastaldo et al., 1995). Based on their
similarity to peat-forming floras, these parautochthonous to
allochthonous floras in siliclastic deposits also grew under conditions
of high rainfall, although probably in subhumid climates with some
seasonal dryness (Cecil, 1990; Cecil and Dulong, 2003; Fielding et al.,
2009). Consistent with this interpretation is the much greater
geographic extent of such floras than of coal beds. Paleogeographi-
cally, coal-bed distribution is fully subsumed within the greater areal
distribution of wetland siliciclastic, plant-bearing deposits. Conse-
quently, successions of such wetland floras are well known from
places where coal beds are rare, poorly developed or absent (such as
New Mexico: Herrick, 1904; Read and Mamay, 1964). These low
latitude, wetland, siliciclastic floras, in combination with the coal
beds, indicate nearly continental-scale and long-persistent periods of
relatively high rainfall and low evapotranspiration, with rainfall
exceeding seasonal dryness for a minimum of 3–4 months a year, the
humid to moist-subhumid climates of Cecil (2003).

Much of the Pennsylvanian was, however, a time when the Earth
was experiencing intense polar glaciations on the developing
Pangaean supercontinent (Fig. 2), particularly in the Southern
Hemisphere (Gonzàlez, 1990; Fielding et al., 2008). The amount of
ice appears to have varied on several different time scales, perhaps in
keeping with orbital cyclicity and as yet incompletely understood
changes in atmospheric pCO2 concentrations (Montañez et al., 2007).
As part of these coupled climate/sea-level fluctuations, tropical
regions experienced more than simply eustatically driven sea-level
changes and the alternation of marine and terrestrial conditions. They
were alternately the home of climates that cycled between subhu-
mid–humid–perhumid conditions and seasonally-dry-to-arid condi-
tions (see Cecil et al., 2003a for terminology; also - Cecil, 1990;
Feldman et al., 2005; Poulsen et al., 2007; Peyser and Poulsen, 2008),
and the vegetation that accompanied these climatic changes (Falcon-
Lang, 2004a).

Although coal beds record the most humid climates, there are a
wide variety of other kinds of deposits between the coal beds,
diagnostic of seasonal dryness, conditions quite different from those
under which peats formed (Besly and Fielding, 1989; Cecil, 1990).
Some of these are non-marine limestones, calcic Vertisols, and
evaporites, known from modern environments in which evaporation
exceeds freshwater influx or rainfall for many if not all months of the
year. Furthermore, unlike the coal beds that are underlain by or
laterally equivalent to paleosols that only form under a humid climate
(Spodosols, Ultisols or Oxisols), many non-marine limestones can be
traced laterally directly into calcic Vertisols, diagnostic of seasonal
moisture deficits. These kinds of patterns record major cyclic shifts in
sedimentary geochemistry from alkaline conditions during periods of
limestone and calcic soil formation to acidic conditions during peat
formation. Such shifts in sedimentary geochemistry have been
attributed to climate change (Cecil, 1990). Paleosols also document
a range of climatic conditions from those where rainfall exceeded
evaporation to conditions of rainfall seasonality (Besly and Fielding,
1989; Falcon-Lang, 2004b; Driese and Ober, 2005). Furthermore, in
strata occurring between the coal beds, and at a variety of geographic
locations throughout the Pangaean equatorial region (Fig. 3), floras
are known that clearly differed in composition from those of the
wetlands (see additional references cited, and primary data in:
Broutin et al., 1986; Lyons and Darrah, 1989; Broutin et al., 1990;
DiMichele and Aronson, 1992; Galtier et al., 1992; Gastaldo, 1996;
Falcon-Lang, 2003a; Falcon-Lang et al., 2009; Plotnick et al., 2009).

Thus, the dilemma: the Coal Age was also the age of one or more
seasonally-dry, lowland vegetation types. These are not as well
known as those of the wetter climates. For one thing, they are much

Fig. 1. Stratigraphic nomenclature of the Pennsylvanian Subperiod.
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more rarely preserved because plant remains are readily oxidized in
dry soils. And secondly, targeting of Pennsylvanian-age coal beds by
commercial mining has created vast exposures containing elements of
the wetland flora, along with many opportunities for collecting. These
collections fill the specimen cabinets of museums and universities
throughout the world. However, drought-tolerant vegetation may
have occupied all or part of the equatorial lowlands for as long, or
perhaps even longer, than that of the wetlands, during any given
glacial–interglacial cycle.

Pennsylvanian-age floras from seasonally-dry habitats have been
known for many years, and some are well documented. There has,
however, been a persistent misunderstanding of their spatiotemporal
distribution, especially their place as important occupants of the
basinal lowlands (Pfefferkorn, 1980; DiMichele et al., 2008). This has

led to a plethora of terms, such as “upland floras,” “extrabasinal
floras,” “hinterland floras,” “The Mesophytic Flora” and “Flözfern,”
most, implicitly or explicitly, linking the plants to “better-drained”
soils and/or soils developed well above sea level and outside of the
depositional systems. However, we only know them from the deposits
within basins. These floras are, indeed, indicators of soil moisture
deficits. They could have occurred anywhere climate created such
conditions. The same applies to the opposite climate conditions. Thus,
under humid–perhumid conditions, peat and other wetland vegeta-
tion can blanket even upland landscapes or, at least, grow well above
base-level. This occurs today under the maritime climate in parts of
Great Britain and New Zealand, where peat deposits blanket land-
scapes because high moisture input and a humid climate damp out
some of the altitudinal effects on drainage as well as small surface

Fig. 2. The Pangaean continent, major oceanic regions, and climatic belts during the time of glacial–interglacial cycles when wetlands predominated in the equatorial basinal
lowlands.

Fig. 3. Pennsylvanian tropical basins. Key from west to east, Western Interior (WI), Eastern Interior (EI), Appalachian (A), Black Warrior (BW), Anthracite (At), Cumberland (Cu),
Sydney (Sy), Bay St. George (BG), SouthWales (SW), Midland Valley (Mv), Pennine (Pe), Campine (Cp), Ruhr (R), Pas-de-Calais, Nord, Namur (N-P), Armorican (AM), Saar-Lorraine
(S-L), Saint Etienne (SE), Central and Western Bohemia (CWB), Intrasudetic Basin (IS), Upper Silesia (US), South Carpathians (SC), Svorge (Sv), Dobrudzha (D), Lublin (Lu), and
Donetz (Dz).
Falcon-Lang et al., 2006.
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elevational differences. It also may have occurred in some intermon-
tane limnic basins of the Late Pennsylvanian in Europe (Falcon-Lang,
2004b).

Because wetland floras are so well known, the objective of this
paper is to examine the evidence of lowland basinal floras from
seasonally-dry environments. Seasonally-dry vegetation probably
was as representative of the Pennsylvanian tropical lowlands as that
of peat-forming wetlands. Together these two floras are part of the
record of oscillating climatic conditions. The discussions presented
herein are restricted to areas of low relief, low elevation, and low
surficial gradients within the confines of Pennsylvanian sedimentary
basins. No attempt is made to evaluate vegetation or climate
controlled by areas of high relief, high elevation, mountainous
terrains, or extratropical latitudes.

2. Preservational biases in the Pennsylvanian equatorial lowlands

Evidence of plants from the tropical regions of the Pennsylvanian
Subperiod is systematically biased in several ways, some common to
the deep fossil record of all organic remains in terrestrial environ-
ments and some unique to accumulations of plant remains.

The most significant of these systematic biases is the restriction of
fossil-plant-bearing deposits almost entirely to basinal lowlands.
Basins were regions where long-term accommodation space for
sediment burial occurred. Not all such basins were open to the sea,
such as the Variscan orogenic basins of central Europe (e.g., Opluštil
and Cleal, 2007), but they were nonetheless of low enough elevation
during aggradation, probably near sea level, to avoid subsequent
erosional obliteration.

Erosion has removed virtually all those Pennsylvanian-age
deposits that formed well above sea level in true upland, extrabasinal
areas. Thus, it is simply incorrect to refer to an autochthonous or
parautochthonous macrofossil plant deposit as “upland” or “extra-
basinal.” If it is found in the fossil record, it is preserved in a basinal
lowland. This does not mean there were no plants growing in
extrabasinal areas, or that elements of such floras could not have been
transported into basins, and preserved as exotics. Such truly
allochthonous, extrabasinal elements can be detected under certain
circumstances where the sedimentary environment is well under-
stood (Greenwood, 1991). In order to conclude, however, that a
megafossil was transported into a basinal deposit from a seasonally-
dry upland area, an inferential leap and/or independent evidence are
needed, in addition to the morphology of the plant itself, to tie the
plant to an upland seasonally-dry habitat (Hill, 1981). Generally,
allochthonous elements are tough plant parts of species with strong
construction, given that only erosion-resistant, structurally compe-
tent remains can survive transport over long distances, especially if
they come into contact with fluvial bed loads (see Behrensmeyer and
Hook, 1992; Behrensmeyer et al., 2000; Ferguson, 2005).When found,
such elements are usually of a fragmentary nature and most often are
found in areas proximate to known tectonically active, elevated areas
(Lyons and Darrah, 1989; Galtier et al., 1992; Falcon-Lang and
Bashforth, 2004; Gastaldo and Degges, 2007). Elements of pollen-
spore floras, such as bisaccate-striate pollen known to be produced by
conifers, are perhaps the most likely allochthonous extrabasinal
elements to be preserved within basinal regions (e.g., Zhou, 1994;
Peppers, 1997; Falcon-Lang, 2004a; Dimitrova and Cleal, 2007), and
may have been carried in by water or by wind (Farley, 1988).

Another taphonomic megabias (sensu Behrensmeyer et al., 2000)
characteristic of the plant fossil record is the vast over-representation
of plants growing in or around wet habitats (Spicer, 1981; Scheihing
and Pfefferkorn, 1984; Burnham, 1989), which may be non-repre-
sentative of the broader landscape, especially if regional climate was
seasonally dry. Most plant deposits are parautochtonous (sensu
Bateman, 1991: plant remains deposited in the same environment
in which the parent plants grew, with little transport) or autochtho-

nous (preserved in place). Plant leaf remains and most reproductive
organs are fragile and, thus, are most likely to be deposited near the
parent plants (Burnham, 1989, 1993). They will usually be rapidly
ground into highly particulate debris if brought into contact with
sediment in movingwater. Furthermore, buried plant leaves andmost
reproductive organs are difficult to rework without fragmentation
and destruction (Gastaldo et al., 1996). Wood and pollen-spores are
the most likely to persist and often reveal their history of transport
through damage or rounding (Gastaldo et al., 1987, 1993), although
well-preserved allochthonous plant parts, including leaves, can be
found in some sedimentary environments, especially if transported in
the water column by major rivers (Gastaldo et al., 1987). Thus, most
macro-plant remains are likely to be found in bodies of standing or
sluggishly moving water such as swamps, lakes and ponds, or in
nearly abandoned channels (Greenwood, 1991). Plants can be found
in bars of active channels, in which deposition of plant remains occurs
in slack water phases or where plant parts are deposited in the base of
troughs as lags during or in the waning phases of active sediment
transport associated with floods (Gastaldo and Huc, 1992). Peat also is
an atypical deposit, formed in place under humid to perhumid
climatic conditions and not as a result of the kinds of particulate
transport characteristic of clastic sedimentation; allochthonous peats
have been identified in some modern environments (Gastaldo et al.,
1987, 1993) but appear to be non-analogues for economic coal beds of
the Pennsylvanian geological record.

In most cases, therefore, the source plants of autochthonous and
parautochthonous floras grew immediately adjacent to, or quite near,
wet or standing-water habitats, often at the margins of the habitats
where preservation occurred (Scheihing and Pfefferkorn, 1984). In
such cases, the plants will reflect most closely the conditions
immediately adjacent to the area in which they were preserved.
Fortunately, though, at a larger scale, the species pool of a region will
tend to reflect prevailing climate. Consequently, during periods of
seasonally-dry-to-arid climate, the plants growing around the
margins of water bodies will likely reflect the overall landscape
moisture deficit, unless they were growing directly in standing water
or in high soil moisture environments such as swamps, which are
often are compositionally distinct from the terra firma environments
that immediately surround them (Knoll, 1985; summary in DiMichele
et al., 2001).

3. Climatic framework and drivers during the Pennsylvanian

The extent of glaciation during the later Middle and Late
Pennsylvanian is uncertain. The Pennsylvanian has long been
considered a time period of extensive, grounded, continental, ice
sheets in the south polar regions (e.g., Frakes et al., 1992). More recent
work (e.g., Isbell et al., 2003a,b; Fielding et al., 2008) suggests that
intervals of time between several discrete, short-lived (1-to-7 myr)
glaciations were characterized by greatly diminished ice volume. One
of these intervals begins during the late Middle Pennsylvanian
(Asturian–early Cantabrian/late Moscovian), when ice volume may
have begun to decrease, and culminates in the Late Pennsylvanian
(Stephanian/Kasimovian–Gzhelian), when ice volume was signifi-
cantly reduced. The presence of highly weathered basement surfaces
in regions of southern Gondwana (Isbell et al., 2008a,b) suggests that
any existing ice during this time was confined to alpine glaciers. The
existence of cyclothems throughout the Pennsylvanian and Early
Permian (e.g., Weller, 1931; Wanless and Shepard, 1936; Langenheim
and Nelson, 1992) has been argued as evidence of persistent high-
magnitude (100+m), high-frequency (104 to 105 kyr) glacioeustastic
sea-level changes, corresponding to the Late Paleozoic Ice Age
(Heckel, 1986; Heckel et al., 1998; Soreghan and Giles, 1999; Haq
and Schutter, 2008). Several recent studies of carbonate and clastic
paleotropical successions (Feldman et al., 2005; Bishop et al., 2009),
however, document intervals of significantly lower magnitude (2 to
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20 m) sea-level changes, in particular, for the late Pennsylvanian
(Heckel, 2008; Rygel et al., 2008; Bishop et al., 2010).

It appears that Pennsylvanian ice volume fluctuated regularly on
several time scales, as with the Pleistocene and Recent ice age.
However, there is also strong evidence for long intervals of significant
global warming between intervals of major ice formation, during
which time ice volume waned (or diminished) significantly (Isbell et
al., 2003b; Fielding et al., 2008). However, there continued to be
cyclical variations in sea level and climate in tropical regions.

Variations in sea level are closely linked to variations in climate
(Cecil et al., 1985; Cecil, 1990; Cecil et al., 2003a; Olszewski and
Patzkowsky, 2003). Such linkages are notmerely along narrow coastal
belts but appear to be linked to drivers that caused widespread
climatic changes across the Euramerican Pangaean tropics (Cecil et al.,
2003a; Poulsen et al., 2007; Peyser and Poulsen, 2008). Furthermore,
these climatic changes are yet further linked to patterns of sediment
transport. Little transport occurred during times of high, year-round
rainfall (humid or perhumid conditions), where sediments were
heavily bound by plant rooting, or during times of very low rainfall
(arid conditions), where there was insufficient moisture to move
sediment long distances. Movement of large amounts of sediment
occurred mainly during a wide range of climates with rainfall
seasonality, from semi-arid to subhumid. These conclusions are
based on empirical studies of modern systems (Schumm, 1968;
Cecil, 1990; Cecil et al., 1993; Cecil and Dulong, 2003; Cecil et al.,
2003b).

Cyclothems thus are records of a spectrum of terrestrial climates.
The various rock units record a range of climates varying from those
with strongly seasonal rainfall to those where rainfall exceeded
evapotranspiration for most of the year. Terrestrial rocks representing
the drier end of this spectrum include vertic paleosols, often calcic.
Studies of modern vertic soils (Nordt et al., 2006) indicate that
carbonate will begin to form at relatively high mean annual rainfall
amounts near 1400 mm, seasonality being key (mainly semi-arid to
subhumid climates). On the wet end of terrestrial rocks are paleosols
such as paleo-Spodosols, Ultisols, and Oxisols, recording humid to
perhumid conditions (Cecil et al., 2003a). Coal beds, derived from
peats, further reflect not only high mean annual rainfall, but a
distribution of precipitation such that it exceeds evapotranspiration
for between 10 and 12 months a year (humid to perhumid climates),
suppressing the oxidation of surface organic accumulations and
contributing to their burial (Cecil, 1990).

Global Climate Simulation (GCS) models of Pennsylvanian–
Permian climate (Poulsen et al., 2007; Peyser and Poulsen, 2008) in
general are consistent with these climatic interpretations based upon
the rock record (Cecil, 1990; Cecil et al., 2003a; Driese and Ober,
2005). These GCS models suggest seasonality of rainfall in low
latitudes, particularly at glacial minimum and high rainfall close to
glacial maximum, a pattern inferred to result from the strengthening
of Hadley Cell circulation patterns along the Intertropical Conver-
gence Zone (ITCZ).

A subtext of this climate discourse relates to the behavior of sea
level relative to basinal geometry and climate. Basins in the west-
central to western parts of the Pangaean equatorial zone, the Illinois
Basin and Western Interior regions, and the Appalachian foreland
basin, which was connected to mid-continent cratonic regions, were
extremely flat during the later Middle and Late Pennsylvanian.
Topographically irregular following the mid-Carboniferous lowstand
and attendant unconformity (Siever, 1951; Blake and Beuthin, 2008),
these vast American basins gradually filled again during a long-term
rise in average global sea level (Haq and Schutter, 2008; Rygel et al.,
2008). Consequently, by the later Middle Pennsylvanian, small
changes in global sea level could have had profound effects on the
extent of the sea covering the continental interiors, with both rapid
inundation during sea-level rise and rapid exposure of the land
surface during sea-level fall (Cecil et al., 2003a). The presence of

Vertisols, (sometimeswith remnant calcic features) beneath coal beds
records exposure of continental areas to long periods of climate
seasonality prior to the progressive development of seasonally wet
climates. A further consequence of the flat landscapes of the late
Middle and Late Pennsylvanian are widespread coal beds, which
extensive outcrop and subsurface mapping show to extend and be
conterminous over entire basins and even among basins (Cecil et al.,
2003a; Greb et al., 2003), reflecting the widespread effects of regional
climatic conditions. These coals do not appear to have formed in
narrow time-transgressive, coastal belts.

In contrast to the large cratonic basins of North America and the
Appalachian foreland basin, there also were many smaller basins that
formed in association with the Variscan orogeny, which began in the
Late Devonian and continued into the Early Permian in some areas
(Leveridge and Hartley, 2006; McCann et al., 2006). Many of these
basins are part of the Variscan Foreland Complex, which stretched
from eastern Europe through eastern North America (Rast, 1984;
Calder, 1998; Falcon-Lang et al., 2004, 2006; Opluštil and Cleal, 2007).
In a number of these basins, marine influence is extremely limited,
and the locus of peat formation appears to have shifted from coastal
paralic to more inland, intramontane positions. Upland areas were
muchmore proximate to many of these small basins than in the large,
flat basins of the west-central and western Pangaean craton. This
should have increased the likelihood of finding allochthonous
extrabasinal elements within such basins during times of climatically
wetter periods of peat formation, which is indeed the case (Lyons and
Darrah, 1989; Libertín et al., 2009). However, the same cycles of linked
sea level and climate that affected the cratonic basins from the
Appalachians through Mid-continent North America also should have
had some effect on patterns in these smaller basins, even if they were
disconnected from direct effects of sea-level change. In some of these
basins, the basal fill is paralic and upper fill entirely non-marine (e.g.,
Czech Republic/Poland) and lithological cycles, probably linked to
climate, occur throughout (Havlena, 1961; Gastaldo, 1996; Falcon-
Lang, 2003a; Opluštil and Cleal, 2007). These intramontane basins
may actually be more likely to preserve the “inter-coal-bed” floras
more faithfully than the large paralic basins because marine waters
did not invade them during the periods between peat formation to the
same extent. Instead, clastic terrestrial rock sequences are more
common (Gastaldo, 1996; Opluštil and Pešek, 1998; Falcon-Lang,
2003b; Falcon-Lang and Bashforth, 2004; Falcon-Lang, 2006; Opluštil
et al., 2009). However, during the times of peat formation, the slopes
of the basinal areas probably were not populated by dryland
vegetation (e.g., Opluštil et al., 2007, 2009). For a modern analogue,
consider the mountainous regions of northern Sumatra where rainfall
exceeds evapotranspiration for 11–12 months a year. Dense rain
forest covers the steep slopes and the streams are black-water,
carrying extremely limited amounts of suspended and dissolved
sediments, except for organics (Cecil et al., 2003b).

The vertically stratified vegetational zones inferred for the small,
intermontane basins (e.g., Libertín et al., 2009) may have been
mimicked over much larger spatial scales in the flatter cratonic areas.
Cecil et al. (2003a), for example, have shown a low stand, paleo-
latitudinal, precipitation gradient from humid conditions in west-
central Pangaea (Appalachian basin) to moist subhumid farther to the
west, to semi-arid in western Pangaea. Given the known linkages of
vegetation and climate, it is to be expected that the vegetation of these
areas with different rainfall regimes would have differed also.

4. What grew in the lowland basins when they were
climatically dry?

Vegetation and its plant species composition closely reflect climate
today (Claussen, 1998). Consequently, it has been possible to develop
both static and dynamic schemes for describing the distribution of
modern global vegetation (e.g., Holdridge, 1967; Walter, 1985;
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Woodward et al., 2004). There is every reason to believe that plants of
the past, including the Paleozoic, would have had similar ties and
responses to climate as the primary control on their biogeographic
distributions (Wolfe, 1978; Phillips and Peppers, 1984; Falcon-Lang,
2004a; Montañez et al., 2007). Schemes describing late Paleozoic
plant biogeography (e.g., Ziegler, 1990; Rees et al., 2002) have been
built on this assumption, which is consistent with empirical data.

The picture of late Paleozoic vegetational dynamics within the
equatorial tropical region is, however, incomplete. Those floras that
occupied basinal lowlands during times of seasonal dryness are not
nearly as well known as those of the wetlands, and there are few
extensively studied examples. To say that floras of subhumid to semi-
arid climates are poorly known, though, would be an overstatement,
given that a few are quite well characterized. Those few, however, are
of two broad types. One appears to be transitional between wetland
and more seasonally-dry floras, such as some of those described from
Nova Scotia (Falcon-Lang, 2003a,b, 2004a; Falcon-Lang et al., 2004;
Falcon-Lang, 2006), and probably grew under humid to variably
seasonal climates. Such floras are typified by a subset of the same
clades that dominated the wetlands (dominantly medullosan pter-
idosperms and cordaitaleans), but in different proportions and often
comprising different species. The second type consists of floras that
differ significantly in composition from those of the wetlands,
dominated by and/or containing a large proportion of different
genera, families and even orders, in other words, containing many
different evolutionary lineages. These floras are known primarily from
intensively studied small deposits, often single outcrops preserving
limited channel-fill or small lake deposits. Allochthonous palynolog-
ical and macrofossil remains have led to the inference that these
exotic floras always lived in seasonally moisture stressed areas
outside of the basins. Their habitats are envisioned as “well drained,”
or perhaps located in seasonally-dry extratropical or paratropical
(sensu Wolfe, 1978) areas, during the times when humid–perhumid
climates typified tropical “wet” lowlands. The dynamic distribution on
the landscape of these more xeric floral types, however, is not well
known empirically. Much can be inferred based on the patterns of
preservation, such as the presence of allochthonous remains pre-
served in deposits proximate to contemporaneous rising upland areas
(Chaloner, 1958; Lyons and Darrah, 1989) that indicate much wider
distributions than just “uplands” or “extrabasinal,” including periods
of occupation of the basins themselves.

4.1. Paleosol indicators of seasonal climates

Paleosols are possibly the most powerful indicators of the degree
of climatic seasonality in the paleotropics, as well as the effects of that
seasonality on plants and vegetation. A wide spectrum of paleosol
Orders is known from Pennsylvanian-age equatorial regions.

At the wettest end are organic Histosols — the peat bodies
themselves, diagenetically modified into coal beds. The internal
structure of coal beds revealed by petrographic studies, and the
study of coal balls and palynology reveal considerable dynamism in
these deposits, including periods of peat decay, flooding, and fire,
punctuated by intervals of rapid peat formation (e.g.: Phillips et al.,
1985; Bartram, 1987; Eble and Grady, 1990; Peppers, 1996; Hower
and Eble, 2004).

Beneath a coal-bed Histosol there generally is a so-called under-
clay or seat-earth, which itself is a paleosol that developed prior to
peat formation. Most are ancient mineral soils formed under variable
degrees of seasonality of rainfall. Throughout the Middle Pennsylva-
nian, seat-earth paleosols are Spodosols, Ultisols, ferric Vertisols and
Argillisols, some of the latter with calcic nodules. In the modern world
such soils form under well-drained conditions and relatively high soil
moisture regimes (Cecil and Dulong, 2003; Cecil et al., 2003a; Driese
and Ober, 2005; Nordt et al., 2006). Later Middle Pennsylvanian seat-
earth paleosols in the United States often have vertic features

indicative of strong seasonality of rainfall (Cecil et al., 2003a;
Falcon-Lang, 2004a) (Fig. 4A). Red Vertisols and calcic Vertisols
(Fig. 4B) are much more common in the Late Pennsylvanian through-
out the Pennsylvanian coal belt of the U.S. (Joeckel, 1989, 1994, 1995;
Feldman et al., 2005), and can be the lateral equivalents of lacustrine
carbonates in the Appalachian basin.

Most seat-earth paleosols, which formed for some-to-most of their
development under varying degrees of rainfall seasonality, appear to
have been subject to progressive increase in the number of wet
months, before the onset of peat formation. These mineral soils
generally are gleyed often very deeply to entirely, something super-
imposed on the pre-existing soil profile (Fig. 4). This gleying indicates
a progression from the seasonally-dry conditions, under which the
soil first began to form, to the development of humid conditions, with
moisture becoming more continuously distributed, along with rising
water tables sometime prior to the onset of peat formation. The
contact between the coal bed and seat-earth paleosol can vary from
gradational to paraconformable to disconformable. Where the
complete underclay soil profile is present, as is commonly the case,
paraconformable contacts suggest continuation of increasing rainfall,
rising water table and perpetual drowning of the mineral surface,
leading to the onset of peat formation. Gradational contacts may
reflect a mineral swamp deposit between the top of the seat-earth
paleosol and the base of the coal bed. The position of paleosols

Fig. 4. Pennsylvanian paleosols. A. Danville (no. 7) Coal (Histosol) and (vertic) seat-
earth paleosol (blocky, slickensided, rooted olive siltstone), late Middle Pennsylvanian,
Indiana. Seat-earth paleosol is fully gleyed. B. Cohn Coal (Histosol) overlying a thick
seat-earth paleosol (calcic Vertisol), Upper Pennsylvanian (Missourian), Illinois. Soil
profile is fully gleyed.
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immediately beneath coal beds and the presence of gleying indicate
strong climatic contrasts, with a late stage transitional climate, getting
wetter (Driese and Ober, 2005), finally leading to peraquic soil
conditions, and the development of Histosols (Table 1). The couplets
of mineral paleosol and Histosol suggest a progressive increase in
rainfall accompanied by diminishing seasonality. The different climate
signals no doubt were accompanied by strong vegetational contrasts.

Temporal and spatial climate gradients within and among Middle
Pennsylvanian cyclothems have been documented along both
longitudinal gradients, from the low latitudes of west-central Pangaea
(eastern USA) to western Pangaea (western USA), and on latitudinal
gradients, northward from the edge of the tropical zone (Cecil, 1990;
Cecil et al., 2003a; Poulsen et al., 2007). These studies indicate
patterns of east-to-west and north–south climatic drying. Both the
temporal and spatial trends in precipitation suggest that the region
was in a belt of prevailing easterly winds with an east-to-west
progression in rainout. In particular, west-central Pangaea was more
humid than western Pangaea during the Pennsylvanian (Cecil et al.,
2003a). The coal beds in east-central Pangaea (western Europe)
through to the Tethyan border regions, suggest that the latitudinal
climate gradient was at a continental scale.

The overall paleoclimate profile of the Late Pennsylvanian appears
to have been shifted to the drier end of the spectrum, perhaps with an
increase in the magnitude and duration of seasonality at the drier end
(White, 1913a; Cecil et al., 1985; Phillips et al., 1985; Cecil, 1990;
Olszewski and Patzkowsky, 2003; Feldman et al., 2005; Bishop et al.,
2010; Gulbranson et al., in press). In the early parts of the Late
Pennsylvanian (Missourian), seat-earth paleosols often have well
developed vertic features and commonly may contain calcic horizons.
Such features indicate formation under climates with seasonal
moisture deficits, in some cases with evapotranspiration exceeding
rainfall for many months of the year, and rainfall less than 1400 mm/
year (Nordt et al., 2006) (Table 1).

The morphology of roots preserved within soil profiles allows
some inferences about the parent vegetation. Becausemany soils have
complex histories of formation, however, the roots preserved in the
uppermost parts of a profile may not reflect the plants that grew on
the soil for most of its existence. So, for example, stigmarian root
systems of lycopsid trees likely represent late stage vegetation in the
transition from well-drained mineral soils to peat formation. The
same is true for the fine root masses, likely derived from pteridos-
perms and calamitaleans, often found in weakly laminated sediments
rich in plant fossils, which sometimes occur between the underlying
mineral paleosol and base of the coal, indicative of surficial standing
water. On the other hand, roots diagnostic of non-wetland plants may
occur, often encrusted with calcium carbonate (Fig. 5C), especially in
paleosols that do not underlie coal beds or indicate terminal
transitioning to humid–perhumid climates. There also are abundant

paleosols, particularly in the Late Pennsylvanian, that occur between
coal beds, but not in a seat-earth stratigraphic position. For the most
part, these paleosols do not preserve macrofossils or pollen and
spores, so the flora can be inferred only generally by analogy to the
vegetation of modern soils (Table 1).

An example of a paleosol with unusual roots preserved within it
comes from the early Late Pennsylvanian (Missourian) portion of the
Conemaugh Formation of West Virginia (Fig. 5A). The soil is from the
“Pittsburgh reds” interval and has vertic features, including calcium
carbonate nodules and carbonate encrustations around the roots. The
paleosol in question contains downwardly forking root casts encased
in carbonate (Fig. 5B–C). The roots are found between 2 and 4 m
below the upper surface of the paleosol, indicating deep penetration
into the substrate. These roots provide some, albeit limited, insight
into the flora that grew on the soil surface. Certain plant groups
can be eliminated immediately as the source of the roots. These
include marattialean tree ferns, calamitean sphenopsids, medullosan
pteridospermous seed plants, and lycopsids. None of these plants
are known to have had root systems this deeply penetrating. The
marattialeans had adventitious root systems that mantled the trunk
and spread out shallowly around the tree after reaching the soil
surface (Ehret and Phillips, 1977). Because they were capable of
recovering from burial to a certain extent, such root systems enabled
these plants to live in wet to periodically flooded soils with moderate
sediment accumulation rates (Falcon-Lang, 2003c). Medullosan
pteridosperms had a variety of fibrous roots (Rothwell andWhiteside,
1974), some of which may have acted as prop roots, forming a small
root mantle that appears to have penetrated moist soils only
shallowly. Calamitalean roots were similar to those of pteridosperms
in being fibrous and shallowly penetrating (Dawson, 1851). Finally,
lycopsids had stigmarian root systems that were shallowly penetrat-
ing and spread widely around the tree (Frankenburg and Eggert,
1969), although there have been suggestions of somewhat deeper
penetration of soils by sigillarian root systems than by those of other
lycopsids (Eggert, 1972; Pfefferkorn and Wang, 2009).

There remain a large number of other possible plants as the source
of the above-mentioned deep, straight roots. However, these are all
plants inferred from other botanical and geological sources to have
lived under conditions of seasonal moisture deficits. The two most
likely suspects for the origin of these roots are conifers and
cordaitaleans. Both are reported from basinal lowland deposits of
this age, so access to the area is assured. Both have been determined to
be large woody trees, and cordaitalean roots have been well
characterized as of a robust, woody character (Cridland, 1964;
Falcon-Lang and Bashforth, 2004). In neither of these groups,
however, have there been confirmed reports of deeply penetrating
roots, as opposed to the shallow root-plates typical of most trees in
seasonal habitats, though Falcon-Lang and Bashforth (2005) have

Table 1
The basin geometry for the genesis of soils and their characteristics presented herein is one of very low relief and very low surficial gradient, as in the basin floor of themodern Gulf of
Carpentaria, Australia (∼1 ft/mile) (Edgar et al., 2003). Soil moisture regimes are adapted from the US Department of Agriculture Keys to Soil Taxonomy as are the soil orders (Soil
Survey Staff, 1999). Paleosol nutrient status and/or cation concentration interpretations are based on known characteristics of modern soil orders. Climate interpretations are based
on the climate classification of Cecil, 2003 and, Cecil and Dulong, 2003.

Soil moisture
classification

Soil moisture condition Soil order Nutrient status or
cation concentration

Climate Probable flora

Peraquic Constantly water logged Histosols Oligotrophic Perhumid to humid Low diversity, specialist
flora, nutrient stress

Aquic Water logged most of the time Histosols Oligotrophic Humid Higher diversity, specialist
flora, nutrient stress

Perudic Moist throughout the year Oxisols, Ultisols Spodosols Oligotrophic Humid tomoist subhumid Luxuriant
Udic Moist, dry no more than 90 days Vertisols Mesotrophic to eutrophic,

noncalcic
Moist subhumid Luxuriant to mesophytic

Ustic Intermediate between udic and aridic Vertisol Eutrophic, calcic Dry subhumid Mesophytic
Aridic and torric Dry and hot, never moist for more

than 90 days throughout the year
Aridisols Natric (enriched in alkaline and

alkaline earth cations)
Semi-arid to arid Xerophytic
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reported vertical taproots extending from the base of a cordaitalean
stump. It also is possible that the parent plants might have been
peltaspermous seed plants, such as callipterids. Autunia (Callipteris)
conferta has been reported in the Appalachians from the Conemaugh
Formation (Remy, 1975). However, the habit of this plant is not well
understood, even though a shrub to tree form appears likely.
Completely unknown plants cannot be ruled out, of course.

4.2. Fossil evidence of seasonally-dry floras

The search for terrestrial floras living in basinal lowlands during
“inter-coal” interludes begins with floras that appear to have lived
proximate to, but not in, wetland habitats, detectable as allochtho-
nous debris transported into basins from surrounding “uplands.” Such
floras were described as “Flözfern” assemblages by Havlena (e.g.,
Havlena, 1961; see also Gastaldo, 1996, for an English summary of
Havlena's work). Flözfern floras were contrasted with “Flöznah”
floras, those considered to have contributed to peat formation or to
have grown in wetlands intimately associated with peat formation.
Elevation rather than climatewas originally considered as the primary
cause of differences between the hygromorphic floras associated with
coals and the more meso-to-xeromorphic plants characteristic of the
Flözfern assemblages. Havlena (1971) eventually subdivided the
Flözfern floras into a nearer and further assemblage, both seed-plant
dominated, the latter often containing conifers in the later Pennsyl-
vanian. Gastaldo (1996) modified this concept to place it within a
climatic context, noting that the Flözfern and Flöznah assemblages
probably represent different biomes under different climatic condi-

tions. The presence of the former in the basins between coal beds
more likely represents climate change, in this latter scenario, than
simply transport of exotic elements into the basinal lowlands by
mechanical means under otherwise stationary climatic conditions.

Plants preserved in marine rocks also provide a means to assess
vegetation living between times of peat formation. One of the earliest
conceptualizations of the potential in this kind of deposit is the “Neves
effect” of Chaloner (1958), where pollen from cordaitaleans found in
marine rocks was thought to have been derived from upland habitats,
brought closer to marine conditions by sea-level rise. This model does
not account, however, for the covariance between sea-level rise and
regional to global climatic changes. Marine rocks may have formed at
times when climate was trending toward more seasonality of rainfall
than during the humid to perhumid periods of peat development.
Stopes and Watson (1909) and, more recently, Scott et al. (1997)
described plants of Early Pennsylvanian (Langsettian) age in marine
nodules that included goniatites and plants. The plants in these
marine deposits belong to genera and families that, at the time, appear
to have grown in clastic wetlands but not in contemporaneous peat-
forming habitats, based on coal-ball floras. The nodule floras,
dominated by medullosan pteridosperms and ferns, include such
things as the medullosans Sutcliffia, Poroxylon, and Cycadoxylon, and
the ferns Tubicaulis and Zygopteris. Mapes and colleagues have
described small petrified plants from Late Pennsylvanian marine
black shales (Rice et al., 1996; Rothwell et al., 1996;Mapes andMapes,
1997; Rothwell et al., 1997; Dunn et al., 2002) that are distinct from
those found in wetland assemblages, including some similar ele-
ments, but many that are entirely distinct. These floras suggest that

Fig. 5. Paleosol near Goshen Road Exit, US Interstate Highway 79, West Virginia. A. Compound calcic Vertisol with vertically disposed roots in the lower paleosol horizon. B. Lower
paleosol horizon showing angular displacement surfaces within which carbonate has been deposited and vertically disposed root casts, encased in carbonate. C. Vertically disposed
roots in the lower paleosol horizon.
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the plants living in the basinal lowlands during the times of marine
shale deposition were growing under different physical conditions
than the wetland floras, and probably under slightly-to-moderately
different climatic conditions (given the close association between
floristic composition and climate).

4.2.1. Cordaitalean-rich floras
The cordaitaleans, close relatives of the conifers (Hilton and

Bateman, 2006), encompass many species, growth morphologies, and
habitat preferences, a realization that has come from paleoecological
studies supported by detailed analysis of leaf characteristics suggest-
ing considerable taxonomic diversity within the group (e.g., Šimůnek,
2007, 2008). Preferred habitats range from peat-forming and clastic
wetlands, through increasingly seasonally-dry settings, into some of
the most well-drained and drought-prone habitats of the Pennsylva-
nian tropical realm (Falcon-Lang and Bashforth, 2005). Cordaitalean
branches in dryland settings have weak growth rings (Falcon-Lang,
2007) though no rings inmaturewood, characteristic of growth under
weak climatic seasonality. Branches are most exposed and susceptible
to environmental fluctuations.

For many years cordaitaleans were conceived as strictly “upland”
plants, despite frequent occurrences in basinal lowland deposits. In
this case, the term “upland” really was being used as shorthand for
relatively dry habitats. Chaloner (1958) coined the term “Neves
effect” to explain the occurrence of cordiatalean pollen in marine
sediments, suggesting that rising sea level brought plants of higher
elevation, better-drained areas into proximity of marine environ-
ments during transgressions (Falcon-Lang, 2004b). A different
interpretation of this observation links it to climate change and
ensuing vegetational change. The appearance of “upland” cordaita-
leans may represent a transition from coastal wetlands to circum-
coastal, seasonally-dry habitats. As a result, a different kind of
cordaitalean would be represented by pollen in the post-coal marine
rocks than those represented by pollen and macrofossils in coals and
other coastal wetland settings.

More recent evidence has established unequivocally that cordai-
taleans were important to dominant elements in humid and perhaps
perhumid peat-forming environments, especially during the later
Early and early Middle Pennsylvanian (late Duckmantian to early
Bolsovian) (Phillips and Peppers, 1984), but continuing throughout
the entire period of peat-swamp development in the Euramerican
tropical realm (Costanza, 1985; Trivett and Rothwell, 1991). Cridland
(1964) suggested, based principally on gross morphology, that these
lowland, wetland cordaitaleans might have been mangroves, a
determination that has been controversial (Raymond and Phillips,
1983; Raymond, 1987, 1988). Though a mangrove habit seems
possible, the interpretation remains in doubt (Raymond et al., 2001;
Falcon-Lang, 2005), including the degree of salinity that cordaitaleans
could tolerate (Falcon-Lang and Miller, 2007).

The growth of cordaitaleans in environments with periodic
moisture deficits does, however, appear to be the center of both
biodiversity and ecological dominance of the group. Some of these
plants were centered in areas that were transitional between strongly
seasonally-dry and humid lowland settings, particularly in better-
drained floodplains subject to wildfires (Falcon-Lang, 2003b,c;
Falcon-Lang et al., 2004; DiMichele et al., 2005; Šimůnek, 2008). In
these settings, the cordaitaleans are associated with pteridosperms,
minor amounts of calamitaleans, and even sigillarian lycopsids, which
may have been growing around persistent wet areas on the landscape
(Falcon-Lang et al., 2004).

At their environmental extreme, cordaitaleans appear to have
been among the dominant forest trees in areas subject to strong
seasonal drought. Based on Early and Middle Pennsylvanian-age log
jams of transported cordaitalean stems, it has been speculated that
they forested slopes adjoining basinal areas (early literature summa-
rized in Falcon-Lang and Bashforth, 2004, 2005; Gastaldo and Degges,

2007). However, these plants also have been documented in basinal
lowlands, where well-preserved, parautochthonous to autochthonous
stands have been found, with tree heights estimated to have been
nearly 50 m (Falcon-Lang, 2003c; Falcon-Lang and Bashforth, 2005).
In addition, they have been documented as dominant elements of
parautochthonous floras in incised valley deposits laterally equivalent
to Vertisols and calcic Vertisols (Feldman et al., 2005; Falcon-Lang et
al., 2009), of Middle and Late Pennsylvanian age. This has been
observed in the mid-continent Illinois and Western Interior basins,
long distances from contemporaneous upland areas, with low
regional geographic gradients. The plant remains occur in intra-
formational channel fill, precluding long-distance transport and
strongly suggestive of limited moisture on the landscape (Feldman
et al., 2005; personal observations of the authors, 2008 and 2009). In
these latter instances, cordaitaleans are occasionally found in
association with conifer remains.

4.2.2. Megalopteris and Lesleya floras
Floras containing various combinations of Megalopteris, Lesleya

and other xeromorphic plants are among the earliest known
Pennsylvanian-age parautochthonous, non-wetland floras. They
occur in basinal clastic sediments deposited between intervals of
peat formation. These floras are reported from the Illinois Basin (e.g.,
Canright, 1959), Michigan Basin (Arnold, 1934, 1949), and Ohio in the
Appalachian Basin (Andrews, 1875; Cross, 1962), and continental
Europe (Remy and Remy, 1975; Šimůnek, 1996). Although the flora is
known from the Early Pennsylvanian, all those occurrences in coal
basins are of Middle Pennsylvanian age. Where it can be determined
from descriptions in the literature or from collections made by the
authors, all occurrences but one are from clastic rocks in depositional
settings not associated with the coal beds (that is, not in the coals, nor
in partings within the coals, nor in the immediate roof rocks, in those
settings where the roof floras represent the final phases of the peat
swamp or early siliciclastic deposition within wet floodbasins — see
Gastaldo et al., 1995). The exception to this rule is a report from the
high-ash Lubná Coal in the Czech Republic (Šimůnek, 1996; Opluštil et
al., 2007).

Compositionally the diagnostic elements of these floras are the
foliage types Megalopteris and Lesleya, thought to be seed plants
(Leary and Pfefferkorn, 1977; Leary, 1990). From published illustra-
tions, some of the plants initially identified as Megalopteris appear, in
fact, to be Lesleya, based on leaf-venation patterns. The floras also may
contain other seed plants, including leaves attributable to Cordaites,
which is a very broad group taxonomically, encompassing a wide
range of ecological tolerances (see further discussion below).

This kind of vegetation has been described most fully from earliest
Pennsylvanian, non-coal-bearing sequences. In these rocks, clastic,
plant-bearing sediments are preserved in incised channels within
limestone bedrock along the northwestern margin of the Illinois Basin
(Leary and Pfefferkorn, 1977; Leary, 1981), and to a lesser degree from
a number of other Illinois Basin-margin localities preserved in
sinkholes or deeply incised channels in limestone bedrock (e.g.,
Lesquereux, 1884; White, 1908). The flora also has been reported to
occur elsewhere at the same time in entirely clastic intervals, possibly
formed under seasonally-dry climates, such as the Fern Ledges locality
in the Maritime Provinces (Stopes, 1914; Wagner, 2005; Falcon-Lang,
2006; Falcon-Lang and Miller, 2007) and southern England (Cleal and
Thomas, 2004). All of these floras come from the lower part of the
Pennsylvanian succession, in some instances immediately above the
mid-Carboniferous unconformity surface. There are strong sugges-
tions, given the conditions in which the plants are preserved in both
Illinois and the Maritimes, that the flora was a specialist one that
favored soils derived from limestone parent material (White, 1908;
Remy and Remy, 1975; Leary and Pfefferkorn, 1977). Such soils are
often subject to drought and low nutrient conditions, so it is possible
that this flora was an edaphic specialist assemblage, which would be
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consistent with the morphological features of the dominant plants
(e.g. Remy and Remy, 1975, on the morphology of Lesleya).

Within coal-bearing sequences, two occurrences of this flora are
known from Indiana on the eastern shelf of the Illinois Basin and one
from the Czech Republic. The first Illinois Basin occurrence is reported
briefly and without details by Canright (1959), from the Brazil
Formation of late Atokan age (Peppers, 1997). Though details of
the outcrop and sedimentological features of the deposit are not
discussed by Canright (1959), the stratigraphic position is approxi-
mately the same, and the geographic location near to that of the
second collection, which was made by one of the authors of this paper
in the 1980s. This second flora is also from the upper Brazil Formation
in Indiana. Here the flora occurred in coarse siltstone, with a limestone
below, and a sequence of mudstones above, with the Minshall Coal
bed at the top of the sequence. The flora consists of mostly complete
leaves, densely packed, as if subjected to minimal transport, and is
dominated by cordaitalean gymnosperms, with rare Lesleya sp. and an
unidentified pinnate leaf with parallel veins in the pinnules. Isolated
specimens of tree–fern foliage, Pecopteris sp., and pteridosperm
foliage also occur in the assemblage. The Czech Republic occurrence
is from a dark mudstone in the Chotikov group of coal seams, of late
Asturian (Desmoinesian) age (Šimůnek, 1996; Opluštil et al., 2007;
Šimůnek, 2008). It occurs in association with cordaitaleans, pteridos-
perms and sphenopsids, elements of typical peat-forming vegetation;
however, the flora also includes other less common taxa, such as
Rhacopteris, Dicranophyllum, Saaropteris, and Palaeopteridium, atypical
of wetland floras (Opluštil, personal communication, 2009). There
evidently are other, unreported occurrences of Lesleya in Czech
Carboniferous basins, both in coal-bearing strata and not (Opluštil,
personal communication, 2009).

Whereas the earliest Pennsylvanian Megalopteris and Lesleya-rich
floras do not qualify as “intra-coal-bed” basinal floras, they do give us
some indication that later floras may have been associated with
environments that had periodic soil moisture deficits, possibly on
high pH, limestone-derived soils. The Atokan assemblages can be seen
as a reappearance after a stratigraphic gap that encompasses most of
theMorrowan and Atokan (Langsettian, Duckmantian andmost of the
Bolsovian). However, given the peculiar preservational circumstances
of nearly all examples of this flora, it could be considered fortuitous
that we know of it at all. The earliest Pennsylvanian deposits tell us it
was “out there” on the landscape probably by some time during the
mid-Carboniferous sea-level drawdown. As will be seen with other
floras from seasonally-dry settings, early evidence often is scrappy or
preserved under unusual circumstances, only to be followed some-
what later by more fully developed floras in the core parts of basinal
lowlands. Evidence for the widespread distribution or landscape
dominance of this flora, however, remains weak.

The occurrence of this flora in the late Atokan is significant be-
cause it was a time interval of global-scale environmental change,
manifested in patterns of sedimentation (Bertier et al., 2008),
geochemistry (Cecil et al., 1985), and floral composition, even within
wetland assemblages (Phillips and Peppers, 1984). Recent studies of
glacial records in the southern hemisphere (Fielding et al., 2008), and
global sea-level records (Rygel et al., 2008), suggest a significant
decline in the mass of grounded ice near Atokan–Desmoinesian
boundary time (roughly the Bolsovian–Asturian boundary of the
middle Moscovian), which may be the proximate driver of these
global changes. Increased periods of seasonal moisture availability,
especially combined with limestone substrates, may have favored the
reappearance, and occasional establishment, of this flora in basinal
lowlands between intervals of peat formation. However, frankly, it is
not clear why this particular flora appears at this time, as opposed to
the conifer-rich flora, described below, which is floristically distinct. It
seems more likely that a conifer-rich flora would have been found.
Puzzlement comes from the fact that the conifers were certainly
in existence at this time (Scott, 1974) and that earlier conifer

occurrences are known from the Atokan of the Illinois Basin, thus
earlier than these Lesleya occurrences, but in basin-margin locations
(Plotnick et al., 2008, 2009).

4.2.3. Late Mississippian to Late Pennsylvanian floras containing conifers
Primitive conifers are the signature plants of floras from

seasonally-dry habitats that differ strongly in composition from
humid peat-forming and mineral–soil wetland vegetation (Mapes
and Gastaldo, 1986; Broutin et al., 1990; DiMichele and Aronson,
1992; Waters and Davies, 2006). Conifers were not necessarily the
dominant elements of these floras, but they did produce foliage-
covered branches that were relatively more resistant to transport and
decay thanwere the broad leaves of associated seed plants (Lyons and
Darrah, 1989). Consequently, their remains reveal the existence of
another type of flora outside of basinal lowlands. Additionally, conifer
pollen is distinct, differing considerably from that of humid-climate,
wetland plants of the time. This provides another diagnostic means of
identifying the proximity of conifer-rich floras to the basins, based on
the presence of allochthonous grains in associations otherwise
dominated by typical humid-climate taxa (e.g. Zhou, 1994; Rueger,
1996; Eble, 2002; Dimitrova and Cleal, 2007).

4.2.3.1. Latest Mississippian to Middle Pennsylvanian interval. The
earliest evidence of putative conifers is palynological. Potoniesporites,
possible conifer pollen, is common in early Namurian fluvial deposits
in Newfoundland (Utting and Giles, 2008) and late Namurian marine
bands in the UK suggesting an early origin of conifers just before the
Mississippian–Pennsylvanian boundary (Stephenson et al., 2008).
Zhou (1994) identified conifer-like pollen grains at paleo-paratropical
latitudes in present day China during the Early Pennsylvanian (early
Bashkirian). In combination with several other occurrences of similar
conifer-like pollen, Zhou (1994) suggested that primitive conifers
may have evolved outside the tropics in seasonally xeric settings and
moved into the equatorial regions during the Middle Pennsylvanian.
The earliest macrofossil identified as a conifer is foliage preserved as
charcoal, reported by Scott and Chaloner (1983) from the early
Middle Pennsylvanian (Duckmantian) of England. This report has
been followed by several reports of younger Middle Pennsylvanian
conifer fragments from across the equatorial region, most preserved
as allochthonous foliar debris (summarized in Lyons and Darrah,
1989). The earliest stratigraphically well constrained report of conifer
remains in North America is from the Middle Pennsylvanian (Atokan)
of Colorado (Arnold, 1941). A somewhat less well constrained report
is that of Plotnick et al. (2009) from the Illinois Basin, also likely
Atokan (Bolsovian).

Most reports of Middle Pennsylvanian conifers appear to have
been of allochthonous debris. And, in most instances, the fossils were
found only in basins where there were adjacent upland areas from
which the conifers could have been transported (Lyons and Darrah,
1989). The allochthonous finds, of course, provide no direct evidence
that conifers actually occupied basinal lowlands during the drier parts
of climate/sea-level cycles, nor do they rule out this possibility.

There are a few exceptional deposits that demonstrate the
unequivocal presence of conifers in basinal lowlands between the
intervals of wetlands, peat formation and humid climates. Galtier et al.
(1992) report an English occurrence of mid-Middle Pennsylvanian
(Bolsovian) age in which a number of small woody stems, 5–15 mm in
diameter, were buried in volcanic ash. It was not possible for the
authors of this study to determine if the stems were buried in place,
however all were vertically disposed. The base of the ash bed rests
directly on red–purple mottled paleosols with features indicative of
well-drained, oxidizing conditions. Earlier work, e.g., Besly and Turner
(1983), suggested that these paleosols were post-depositionally
reddened. However, this has since been refuted by later work that
characterizes them as having formed under semi-arid conditions
(Waters and Davies, 2006). The stems were identified as having
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conifer-like wood, as opposed to wood of cordaitalean affinities. The
small diameter of these stems supports interpretations by Hernandez-
Castillo et al. (2001) that early conifers were relatively small-statured
plants. Recently, two finds of conifers in parautochthonous deposits
from the Illinois Basin document quite clearly that these plants were
actual occupants of the basinal lowlands between times of peat/coal
formation, during seasonally-dry intervals. The first report was that of
Plotnick et al. (2008, 2009) of conifer foliar remains in mudstone
preserved in sink holes at the northern edge of the basin. This material
has been dated as of probable mid-Middle Pennsylvanian (Atokan)
age. The conifers appear to have been growing on a limestone karst
surface (where were the Lesleya and Megalopteris, one might ask).
The other discovery is from the late–Middle Pennsylvanian (Desmoi-
nesian) (Falcon-Lang et al., 2009), in the basal gravel lag of a shallow
valley fill, laterally equivalent to a calcic Vertisol, thus indicative of a
seasonal moisture regime. The paleosol lies immediately beneath the
Baker coal bed in western Indiana. Other elements of this flora include
cordaitaleans, pteridosperms, and possibly marattialean ferns. Each of
these discoveries provides direct proof that conifers and associated
xeromorphic floras were present in Middle Pennsylvanian “coal
basins” at least during some intervals of time. The physical settings
from which they are known all point to periods of periodic moisture
limitation in seasonally-dry climates. In addition, the Illinois Basin
was not proximate to any upland areas at the time, which might have
served as source areas for long-distance transport of this material.

4.2.3.2. Late Pennsylvanian interval. The evidence for parautochtho-
nous conifers and associated drought-tolerant floras is significantly
greater during the Late Pennsylvanian than in the Middle Pennsylva-
nian. In Late Pennsylvanian lowland basins containing coal beds, there
are a considerable number of well characterized assemblages
dominated by or rich in drought-tolerant plants. These floras are
particularly prominent in the early Late Pennsylvanian (Missourian),
a time during which the wet–dry climatic spectrum appears to have
been broader than that of either the late Middle Pennsylvanian or the
late Late Pennsylvanian (Virgilian), based on the morphology and
geochemistry of paleosols and the predominant intra-coal-bed
sedimentary architectures (Cecil, 1990; Feldman et al., 2005).
However, drought-tolerant floras are present throughout the entire
Late Pennsylvanian.

Significant examples of parautochthonous floras containing
these xeromorphic elements include the Garnett flora from Kansas
(Cridland and Morris, 1963; Remy et al., 1980; Winston, 1983;
Feldman et al., 2005) and the 7–11 flora from Ohio (McComas, 1988;
Wagner and Lyons, 1997). Each of these floras occurs in channel-form
deposits between coal beds, not in roof shales, and also in association
with vertebrate or invertebrate faunas that also are distinct from
wetland faunal assemblages (Reisz et al., 1982; McComas and Mapes,
1988). They occur within the early Late Pennsylvanian, although not
at the immediate Middle–Late Pennsylvanian boundary, thus some-
time after the disappearance of most of the arborescent lepidodendrid
lycopsids from the western parts of Pangaea. This was the time of
maximum climatic drying in the Late Pennsylvanian (White, 1913b;
Cecil et al., 1985; Cecil, 1990). The floras are almost always mixed,
including tree ferns and pteridosperms, some of which are also found
in wetland assemblages. However, they contain such elements as
Walchia, Taeniopteris, Plagiozamites, and Dichophyllum and other
callipterids. These taxa are consistent components of the more
xeromorphic fraction of these floras and, as noted by Wagner and
Lyons (1997), occur well into the Permian-age Rotliegends of Europe
(Kerp and Fichter, 1985; Šimůnek and Martínek, 2009) and the mid-
Early Permian of the southwestern United States (Mamay, 1968).
Conifers also have been reported from early Late Pennsylvanian-age
rocks of the Conemaugh Formation of the Appalachian Basin, although
as isolated reports, not as part of comprehensively described floras
(Darrah, 1975; Lyons and Darrah, 1989).

Conifers and/or other xeromorphic plants, such as callipterid
peltasperms, similar to those from the early Late Pennsylvanian, also
have been reported in non-roof-shale positions in late Late Pennsyl-
vanian coal-bearing sequences. These include the Baldwin flora
(Cridland and Morris, 1963), Hamilton Quarry flora (Rothwell and
Mapes, 1988), the Calhoun Shale and Topeka Limestone (Remy et al.,
1980), and the Lawrence Shale (Feldman et al., 2005), all from Kansas,
and several floras from Texas (DiMichele et al., 2005). Most of these
occurrences are preserved within channel-fill deposits in shallow
incised valleys. In Texas, the floras occur in distinctive kaolinite-rich
layers at the base of channel deposits, sometimes eroded into
paleosols and often immediately beneath organic shales/coals, from
which they appear to be environmentally distinct. The Texas conifer-
bearing floras, which are of late Late Pennsylvanian age, very near the
Permian boundary, are mainly seed-plant dominated and have few
taxa in common with the typical wetland floras that are found in the
organic shales/coals and the clastic rocks above them, all occurring in
the same outcrops. A varied flora has been reported from the marine
Finis Shale in Texas (e.g., Rothwell et al., 1996; Dunn et al., 2002, and
other references in those papers) that appears to represent plants not
typically found in wetland assemblages, including vojnavskyalean
conifers, a group known primarily from the north-temperate Angaran
floral realm (Meyen, 1988). Such marine deposits would have formed
at times of high sea level, and appear to be associated with seasonally-
dry climates.

Conifers in “roof shale” deposits above coal beds are reported from
a number of early Late Pennsylvanian coals in the Appalachian region
(McComas, 1988; Blake et al., 1999) and the Western Interior region
of the U.S. mid-continent (DiMichele and Aronson, 1992), but not in
the Illinois Basin. Walchian conifers and other plants, such as Plagio-
zamites and Autunia conferta, are reported from roof shales of late Late
Pennsylvanian and possibly earliest Permian coals in the Appalachians
(Darrah, 1975; Blake et al., 1999). In these instances, the literature
rarely is sufficiently detailed to interpret the environmental context of
the “roof-shale” deposit, other than to note that it lies immediately
superjacent to a coal bed. As Gastaldo et al. (1995) have noted,
however, roof shales can represent a wide variety of environments of
deposition, many of which are unrelated to the underlying peat/coal
bed and do not necessarily represent a drowned final swamp forest.

It is important to note that the occurrence of conifers and
associated xeromorphic elements in Late Pennsylvanian deposits
does not occur to the exclusion of typically pteridosperm and
marattialean-fern dominated floras in the roof shales above most
coal beds. In fact, pteridosperm and tree–fern dominated floras are the
most characteristic elements of Late Pennsylvanian vegetation to be
preserved in all North American and European coal basins. It is
particularly important to make note of this for North American
deposits (e.g., Blake et al., 1999). In these rocks, floras containing
conifers and other xeromorphic plants have been used to suggest
millions of years of missing section. These rare and unusual floras, rich
in conifers and other xeromorphic plants, have been characterized as
typical of the early Late Pennsylvanian (e.g., Wagner and Lyons, 1997),
which they are not. Also contributing to this missing-time argument
are some taxa typical of Late Pennsylvanian (Stephanian late A
through C in particular) floras of Europe that are rare or missing in the
American sections (Lyons and Wagner, 1995; Wagner and Lyons,
1997). Missing flora may just as likely be related to latitudinal and
longitudinal variation in paleoclimate or to biogeographic factors, as it
is to a stratigraphic hiatus. Also, there has been, to date, no
demonstration that variation among European floras at this time is
any less than between them and eastern North American floras.

As a final point, there are several well documented conifer-
dominated floras of early Late Pennsylvanian age from western
equatorial Pangaea in sequences completely lacking coal deposits,
including the Kinney Quarry (Mamay and Mapes, 1992) and Carrizo
Arroyo (DiMichele et al., 2004b; Tidwell and Ash, 2004) floras of New
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Mexico. In each of these cases, the flora is a mixture rich in a variety of
xeromorphic plants, including conifers. These floras are important
because they demonstrate that such xeromorphic floras found in
basinal lowlands, under climatically seasonal conditions, are funda-
mentally distinct from the floras of wetlands and the humid climatic
conditions that favored peat formation. This helps us to understand
that close stratigraphic proximity of humid-climate wetland floras
and seasonally-dry floras within coal-bearing cyclic successions is not
necessarily evidence of growth in close, laterally continuous spatial
association, under a common climate. Rather, it appears that these
plants lived under largely different kinds of physical conditions,
mainly reflecting climatic differences, as surmised by Elias long ago
(1936) (Moore et al., 1936). The intercalation of “wet” and “dry” floras
is completely consistent with the fully independent evidence offered
by the rocks, including their sedimentology and geochemistry.

5. Discussion

Central to the points raised in this paper is the recognition that
plants of any time in geologic history closely reflect climate, if modern
times can be taken as a reliable model for the past (Köppen, 1936;
Claussen, 1998). Consequently, when autochthonous to parau-
tochthonous floras are found in basinal settings, it is reasonable to
presume that those plants grew in the basins, rather than that they
were transported into the basins from “uplands” (DiMichele et al.,
2008). The literature is replete with such interpretations of conifers or
cordaitaleans as “upland” plants when found in basinal deposits. In
some instances, floral zonation is proposed with the plants assigned a
priori to elevational zones, even if found co-occurring in parau-
tochthonous deposits. The assumptions in such cases usually are that
the lycopsid–sphenopsid–pteridosperm vegetation grew in swamps,
the cordaitaleans grew on the margins of the swamps in the low
elevations, and the conifers grew yet further up the slopes, the entire
matter being controlled by drainage (for a recent example of this kind
of a priori reasoning see Stephenson et al., 2008). This should not be
the default or null model. Such an interpretation stands in com-
petition with the model that all the co-occurring elements could grow
in the basinal lowlands in close proximity whenever the necessary
soil moisture regimes developed. In this way, the two (or other)
interpretations can stand side-by-side and be assessed for relative
likelihood through analysis of ancillary data, such as sedimentary
environment or climate proxy indicators.

Empirical studies of fossil floras have revealed that more than one
kind of flora characterized basinal wetlands, and that those floras were
distinct compositionally,with various degrees of overlap. Thus,wemust
reconsider our image of the Pennsylvanian as a time when coastal
lowlands were populated solely by vast wetland swamps, growing in
steaming jungles. The lowlands may have been the province of
seasonally-dry climates, and the plants that characterize those climates,
for as much or more time as the wetlands were dominant.

If this is correct, a question arises of why floras of seasonally-dry
habitats are so poorly represented in basinal lowland deposits? This
occurs even though these lowlands were subject to extended periods
of subhumid to semi-arid climates, over periods of tens of thousands
of years, based on sedimentological and paleosol evidence (e.g., Driese
and Ober, 2005; Feldman et al., 2005)? Perhaps depocenters in lakes
or abandoned channels were sufficiently sparse or were positioned on
the terrestrial landscape at sufficient elevations above sea level to be
unlikely to be preserved. Preservation of suitable depocenters
requires both rapid aggradation and highwater table for preservation.
Dry-lands, in contrast to this, are deflationary and have a subdued
water table, something especially to be expected if these floras were
most common during times of dropping sea level and valley incision
during glacial phases. In this situation, plants would only have been
preserved when they fell into holes that were below the water table
and also aggrading (incised valley fills or lakes). Environments such as

the Lower and Middle Pennsylvanian sinkholes reported by Leary
(Leary and Pfefferkorn, 1977; Leary, 1981) and Plotnick et al. (2009)
are notable examples. Additionally, there is the matter of “search
image.” Conifer-containing floras, for example, have been reported
often in association with the basal fill of channels scoured during sea-
level low-stands (Reisz, 1990; Feldman et al., 2005; Falcon-Lang et al.,
2009). Such exposures are not only difficult to find (surface coal mines
providing perhaps the best opportunities, as the authors can attest to
through personal experience), but plant preservation is often poor,
not conducive to the kinds of morphological and taxonomic studies
that are favored in paleobotany. Thus, we surmise that many of these
seasonally-dry floras remain to found through focused searches in
particular facies (e.g., Fielding et al., 2009).

Seasonally-dry vegetation also is not one compositionally uniform
thing. There is actualistic and fossil evidence to suggest much
variation in dominance and diversity patterns among seasonally-dry
floras within basinal lowlands. Seasonal drought accentuates small
differences in soil composition, micro-elevation, and exposure,
leading to subtle or major variation in habitat quality compared to
that apparent on the same landscape under humid or perhumid
climates. Such variation probably was present in regions outside of
humid/perhumid-climate belts, whether upland (where elevational
factors would be accentuated) or basinal. In addition, given that “dry”
climates encompass a much wider range of climate variance than
humid–perhumid climates, the basinal vegetation of seasonally-dry
periods will be much more reflective of local peculiarities in habitat
conditions. Furthermore, the small number of examples of such vege-
tation in the Pennsylvanian, and the restricted geographic areas from
which they are known at any given time, limits our understanding of
the patterns and the manner in which floristic variation is organized
and distributed within those seasonally-dry landscapes.

A final, and important, question to ask, one that derives directly
from the recognition that basins spent long periods of time “not wet,”
is where did the wetland vegetation go, or what happened to it when
these other kinds of floras prevailed in the basinal lowlands? This has
received much less consideration than the dynamic history and
composition of so-called “upland” floras in the fossil record. Yet, there
is a conservatism to these humid/perhumid floras. They disappear and
then reappear in abundance in the basinal lowlands at 103 to 104

times-scales, again and again over periods of millions of years, with
little change in composition or in dominance–diversity structure
(Knoll, 1985; Phillips et al., 1985; DiMichele et al., 1987, 1996;
Pfefferkorn et al., 2000; DiMichele et al., 2002, 2004a). Such wetland
floras even persist well into the Permian in the microcontinents of the
eastern Tethyan region (Hilton and Cleal, 2007). Yet, what happened
to the flora of wetlands, especially peat-forming environments, when
the basinal lowlands were dry? Frankly, there is little evidence from
which interpretations can be derived. Did these apparently persistent
species assemblages, with long lasting dominance–diversity structure,
break up into small refugia or did theymigrate to the basinmargins, or
even out of the basins entirely, and exist intact somewhere outside
the sampling envelope? Peat swamps may have been environmen-
tally stressful places to live where only a few hardy specialists could
survive. If, on the other hand, peat swamps were a good place to live,
then when they reappearred after each dry interval, one might expect
a free-for-all with taxa that earlier lived outside the swamp
occasionally establishing themselves as dominants in these habitats.
That is not what we, in general, see. The same suspects return to
positions of dominance again and again, suggesting they were the
only plants that could do so, at least without major extinction-
inducing environmental disruptions. Hence it could be argued that
refugia could be quite small (just big enough to maintain diversity).
Large populations are not needed to re-establish the coal swamps,
because no other taxa were capable of doing so. Refugia might
comprise numerous scattered “water holes” across a dry landscape
like those described by Falcon-Lang et al. (2004).
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Two possibilities to explain this pattern are considered here. (1) If
survival were refugial, a dynamic system of assembly and disas-
sembly is implied. Reassembly from refugia could result in recurrent
dominance–diversity conditions simply on the basis of the numbers
(conservation of relative proportions as populations expanded into
renewed favorable landscapes). There is some limited, but nonethe-
less significant, evidence to support this (Falcon-Lang, 2004b). In
addition, occasional major shifts in abundance patterns, such as the
major rise of cordaitaleans in peat swamps in the early Middle
Pennsylvanian (Phillips and Peppers, 1984) or the progressive rise of
tree ferns in the lateMiddle Pennsylvanian (Pfefferkorn and Thomson,
1982; Phillips et al., 1985), are far more easily accomplished if there is
strong selection while such wet floras are confined to much-reduced
refugial areas. This may have occurred during times of climatic
conditions broadly unfavorable to them. Highly reduced population
sizes could permit strong selective effects to be manifested, resulting
in the reshuffling of dominance.

(2) If intact persistence-and-migration is themechanism, a climate
model is called for under which large expanses of humid–perhumid
conditions existed in the peribasinal equatorial tropics or in para-
tropical regions. At present, there is no evidence to support such a
model (Horton et al., 2007; Tabor and Poulsen, 2008). Furthermore, an
ecological explanation is needed for the occasional major shifts in
dominance–diversity patterns that appear throughout the Pennsylva-
nian; this is much more difficult to accomplish in intact, widespread
vegetation because of strong incumbency effects, unless one invokes
periodic catastrophic climate change of short duration that would
permit restructuring. We, thus, favor the first, refugial model, as more
likely at this time and more in keeping with what we understand of
plant evolutionary dynamics and floristic responses to climate change.
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