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Abstract

We evaluate the influences of elevation and climate on the spatio-temporal distribution of
wetland and dryland biomes during the Pennsylvanian and early Permian in tropical Pangea.
The longstanding “upland model” places drought-tolerant vegetation in elevated habitats,
where slope and drainage created moisture-limited substrates under a humid climate that

simultaneously promoted peat accumulation in contemporaneous lowlands. Upland plants
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were periodically transported to and buried in lowlands. Rare preservation of dryland
vegetation thus reflects its general absence in basins, and taphonomic vagaries of long-
distance transport. The alternative “climate model” proposes that drought-tolerant plants
dominated tropical habitats when climate was seasonally dry, with wetland vegetation
reduced to scattered refugia. Environmental changes attending glacial-interglacial cycles
caused alternating wetter-drier conditions, and the relative abundance of wetland versus
dryland biomes in basinal lowlands thus varied with climatic oscillations. The paucity of
drought-tolerant plants reflects a preservational megabias against habitats with seasonal
moisture deficits.

The environmental signal of “mixed” plant-fossil assemblages, comprising taxa characteristic
of both wetland and dryland biomes, may help resolve these debates. We review key
Pennsylvanian and lower Permian mixed assemblages from tropical Euramerican Pangea, and
interpret their original habitats and climatic contexts based on multidisciplinary evidence,
including sedimentology, taphonomy, physiology, and paleoecology. Evaluations also
consider patterns of vegetational distribution and taphonomy in modern tropical
environments. We suggest that even a cursory view of current tropical plant distribution
exposes flaws in the upland model. Where tropical climate is sufficiently humid to support
peat swamps, slopes and elevated habitats do not host drought-tolerant vegetation, but are
occupied by plants similar to those in lowland settings. This occurs because equable, high
precipitation strongly dampens water-table variation across entire landscapes. Furthermore,
taphonomic studies indicate that most plant-fossil assemblages record vegetation living near
the burial site. Fossil floras thus reflect environmental conditions near their growth site,
excluding an upland origin for most occurrences of drought-tolerant taxa. Conversely, the
climate model is consistent with modern tropical vegetational distribution and soundly
explains upper Paleozoic floristic patterns. When Pangean tropical lowlands experienced
seasonally dry conditions, plants tolerant of moisture deficits dominated most habitats,
whereas wetland vegetation was restricted to wetter sites with greater preservation potential.
This occurred because topographic variations are magnified under seasonal precipitation
regimes, creating a complex habitat mosaic with wetland patches in a landscape subject to
seasonal drought. Accordingly, we propose that a macrofloral assemblage with even rare
drought-tolerant taxa indicates seasonality in the broader landscape.

At larger spatio-temporal scales, disagreement also persists about whether tectonic uplift or
long-term climatic drying was the primary driver of changes in late Paleozoic floristic

patterns and areal extent of tropical peat swamps. We argue that tectonic activity alone cannot



explain the drastic reduction in peat swamps or coincident changes in dominance-diversity of
wetland vegetation. Rates of plant dispersal and evolution far outpace that of mountain
building, and peat-forming wetlands persisted in elevated habitats well into the Late
Pennsylvanian. Therefore, progressive late Paleozoic aridification was the most probable
driver of changing floral patterns and the distribution of wetland and dryland biomes in

tropical Pangea.
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1. Introduction

During part of the late Paleozoic (Late Mississippian to early Permian), Earth
experienced icehouse conditions that were comparable to, but of much greater duration than,
those of the Pleistocene and Holocene. Persisting for about 50 million years, this long interval
of time encompassed a wide range of variation in the intensity and extent of polar and high
altitude glaciation (Fielding et al., 2008), resulting in variable magnitudes of change in ice
volume, global sea level, and the spectrum of regional climates (Cecil, 1990; Tandon and
Gibling, 1994; Haq and Shutter, 2008; Heckel, 2008; Isbell et al., 2008; Rygel et al., 2008;
Birgenheier et al., 2009; Fielding et al., 2010; Montafiez and Poulsen, 2013; Archer et al.,
2016). Fluctuations in the volume of polar glacial ice affected global atmospheric circulation
and thus were manifested throughout the world, even in areas distant from ice centers
(Falcon-Lang, 2004a; Driese and Ober, 2005; Peyser and Poulsen, 2007; Poulsen et al., 2007;
Horton et al., 2012; Rosenau et al., 2013). Geological evidence shows that these climatic
changes were imprinted on a complex and dynamic landmass, the Pangean supercontinent,
and the effects thus were spatially heterogeneous (Roscher and Schneider, 2006; Tabor and
Poulsen, 2008; Tabor et al., 2008). Furthermore, the pattern of change through time was
complex, with variably intense glacial-interglacial cycles on 103-year time scales (Heckel,

2008) being superimposed on longer term, 10%-year trends of warming and cooling (Roscher



and Schneider, 2006; Tabor and Poulsen, 2008; Montafiez and Poulsen, 2013). Orbital forcing
probably was the ultimate driver of these fluctuations (Davydov, 2014; Van den Belt et al.,
2015), with atmospheric CO, content being the principal proximate variable (Montafiez et al.,
2007, 2016; Poulsen et al., 2007; Montafiez and Poulsen, 2013). In addition, the icehouse
world, within which these cyclic changes played out, may have been initiated during an
interval of low volcanic activity, which could be a driver of long-term icehouse-greenhouse
cycles (McKenzie et al., 2016).

Table 1 gives the parameters used to define the various climate modes discussed in this
review. Table 1 also provides a simplified breakdown of the habitats, floral types, and
dominant plant groups that existed under these different climatic regimes during the
Pennsylvanian in tropical Euramerican Pangea. As noted in the table caption, the dominant
plant groups that existed under any given environmental regime trended towards increasingly
drought-tolerant taxa through the Late Pennsylvanian and Permian (DiMichele et al., 2008,
2020; Looy et al., 2014a). In this review, we use the term “xeromorphic” very broadly, to
include those plants with physiological features that indicate a relatively high degree of
drought tolerance (e.g., thick cuticles, shallow stomatal pits), and which enabled them to
thrive in seasonally dry habitats. Representative taxa include the “dryland” cordaitaleans,
callipterids, taeniopterids, and walchian conifers, plant groups that characterized the different
late Paleozoic dryland biomes of Euramerica. We emphasize that none of these plants would
qualify as true xerophytes, as defined by current botanical practice. We also apply the term
“coniferopsid” in a general sense, to include diverse cordaitaleans, Dicranophyllum, and
walchian and voltzian conifers. Furthermore, we use the terms “tropics”, “tropical”, and
“equatorial” interchangeably and in a broad sense for the intertropical zone (i.e., between the
Tropic of Cancer in the north and Tropic of Capricorn in the south), although our literature
survey only involves studies from Euramerican localities, primarily being situated north of the
equator. Such a general definition is justified, as the precise boundaries of the intertropical
zone varied with the obliquity of Earth’s rotational axis during the late Paleozoic, and because
of the overall northward movement of Euramerica during the assembly of Pangea. We note
that our definition of a “tropical climate” is equivalent to the “megathermal climate” used in
modern climatological studies, and thus encompasses a wide range of possible climate modes,
from (per)humid to arid.

Numerous studies, both empirical (e.g., Tandon and Gibling, 1994; Cecil et al., 2003a;
Oplustil et al., 2013a; Rosenau et al., 2013; Davydov, 2014) and model-based (e.g., Horton et

al., 2012), have focused on climatic oscillations that attended late Paleozoic glacial-



interglacial cycles, demonstrating that rhythmic fluctuations between (per)humid and
subhumid to semiarid climates characterized the Pangean equatorial realm. However, the
spatial and temporal positions of different climate states within a glacial-interglacial cycle
remain highly contested (e.g., Tandon and Gibling, 1994; Heckel, 1995; West et al., 1997,
Cecil et al., 2003a; Gibling et al., 2004; Feldman et al., 2005; Falcon-Lang and DiMichele,
2010; Eros et al., 2011; Jerrett et al., 2011; Dzenowski and Hembree, 2012; Rosenau et al.,
2013; Cecil et al., 2014; Heavens et al., 2015). Nonetheless, despite differences in
interpretation, all of the studies cited above, whether based on empirical evidence or modeling
experiments, emphasize the strong linkages between ice volume, sea level, and climate.
Likewise, multiple studies have demonstrated that vegetation in tropical Pangea responded
rapidly and in concert with these swings in climate mode (e.g., Elias, 1936; Phillips and
Peppers, 1984; DiMichele et al., 1996, 2001a, 2009, 2020; Gastaldo et al., 1996; Falcon-Lang,
2004a; Falcon-Lang et al., 2009; Falcon-Lang and DiMichele, 2010; Dolby et al., 2011;
Oplustil et al., 2013a, 2015; Van Hoof et al., 2013; Cecil et al., 2014; DiMichele, 2014; Looy
et al., 2014a, 2014b; Gulbranson et al., 2015; Bashforth et al., 2016a).

None of these postulations would surprise those who focus on late Cenozoic climate
dynamics, as similar coupled fluctuations in polar ice volume, sea level, and climate also
characterize our current icehouse world (Webb and Bartlein, 1992; Lisiecki and Raymo,
2007; Anderson et al., 2013). The manifestation of these climate changes varies greatly across
the globe, depending on local continental configurations, physiography, and latitude.
Furthermore, based on studies of the distribution of Pleistocene and Holocene vegetation,
there is strong empirical evidence that plants reflect and track climatic conditions, with
rainfall and temperature being the primary determinants (K&ppen, 1936; Holdridge, 1947;
Wittaker, 1970; Woodward, 1987; Colinvaux et al., 2000; Jackson and Overpeck, 2000;
Martinez-Meyer and Peterson, 2006; Williams and Jackson, 2007; Ackerly et al., 2010; Bush
etal., 2011; Clark et al., 2016; Guo et al., 2018; Zhang et al., 2018), although fire (Bond et al.,
2005) and substrate (Gastaldo, 2010) also play a prominent role. Being cognizant that climate
is the overriding control on the distribution of modern vegetation in space and time, it is
logical to presume, and to posit, that climate acted as prominently in Deep Time as it does
today in controlling the distribution of ancient vegetation.

Despite observations of modern and ancient climate dynamics, and the pronounced link
between climate and plant distribution in the modern world, differences of opinion persist
about the degree to which climate controlled the distribution of vegetation and floristic

patterns in dominance and diversity during the late Paleozoic. The primary competing



argument is that elevation (with attendant differences in slope, aspect, and sediment output)
was the main factor that determined the spatial and temporal distribution of late Paleozoic
plants, especially those of the Pennsylvanian tropics, largely through its presumed effects on
soil drainage (Cridland and Morris, 1963; Lyons and Darrah, 1989; Broutin et al., 1990; Cleal
and Thomas, 1999, 2005; Dimitrova et al., 2011; Thomas and Cleal, 2017). In this “upland
model” (Fig. 1), background climate either is not considered, or is implicitly assumed to have
been constantly humid, ostensibly due to the presence of coal beds in the local stratigraphic
section. Furthermore, siliciclastic intervals between coals have been interpreted as the product
of short-term floods that inundated peat-forming habitats due a variety of mechanisms,
including increased subsidence, eustasy, or violent cyclones (Cleal and Thomas, 2005;
Dimitrova et al., 2010; Thomas and Cleal, 2015, 2017). At larger spatial and temporal scales,
tectonic uplift and resulting drainage effects also have been implicated as the drivers of major
changes in the areal extent of peat swamps and patterns of plant species origination and
extinction, particularly near the Middle to Late Pennsylvanian boundary (Kerp, 1996; Cleal
and Thomas, 2005; Cleal et al., 2009, 2011).

Differences of opinion about the role of elevation vs. climate as the primary mechanism
controlling the distribution of late Paleozoic tropical vegetation come to a head when
attempting to explain the occurrence of plant fossils with mesomorphic or xeromorphic
characteristics, either as dominant components of an assemblage or when mixed with wetland
taxa. Although the vast majority of Pennsylvanian macrofloral assemblages are typified by
wetland elements, taphocoenoses that are coniferopsid-dominated or contain other derived
taxa with physiological traits that point to periodic moisture deficits provide rare glimpses of
tropical vegetation adapted to better-drained or seasonally dry conditions. Given the relative
paucity of these occurrences in Pennsylvanian coal-bearing successions, such plant fossils
have frequently been attributed to “upland” or “extrabasinal” source areas (Fig. 1). The main
premise is that the plants were transported to basinal lowlands from elevated habitats, with
arguments frequently centered on the tacit assumption of “elevation” being synonymous with
“well-drained” (Chaloner, 1958; Havlena, 1961, 1971; Cridland and Morris, 1963; Leary and
Pfefferkorn, 1977; Lyons and Darrah, 1989; Pfefferkorn, 1980; Broutin et al., 1990;
Dimitrova et al., 2011; Thomas and Cleal, 2017). The rarity of these plant remains in the
fossil record thus is interpreted to reflect their general absence in depositional basins,
taphonomic vagaries associated with transport from upland habitats, and the fact that elevated

regions generally are not preserved in the long-term geological record.



Nonetheless, macrofloral assemblages that contain the enigmatic, non-wetland plant
fossils are invariably found within depocenters, rather than being confined to marginal
settings or to the uplands themselves (DiMichele et al., 2010a). Accordingly, an alternative
explanation for their presence is that the fossils represent “seasonally dry”, “dryland”, or
“drought-tolerant” floras (terms used synonymously herein), with prior adaptation to moisture
limitation enabling the plants to disperse into basinal lowlands during episodes of climatic
drying (Elias, 1936; Moore et al., 1936; Mapes and Gastaldo, 1986; DiMichele and Aronson,
1992; Gastaldo, 1996; Falcon-Lang, 2004a; Tidwell and Ash, 2004; DiMichele et al., 2008,
2010a, 2016, 2020; Falcon-Lang et al., 2009, 2011a, 2012, 2014, 2016; Dolby et al., 2011;
Van Hoof et al., 2013; Bashforth et al., 2014, 2016a; DiMichele, 2014; Ielpi et al., 2014; Looy
and Hotton, 2014; Looy et al., 2014a, 2014b; Pfefferkorn et al., 2017; Blomenkemper et al.,
2018). Under this “climate model” (Fig. 2), oscillations between relatively dry and wet
edaphic conditions in basinal lowlands were an expression of climatic changes that occurred
during glacial-interglacial cycles operating on 10°-year time scales. These fluctuations
determined the relative abundance of vegetation with dryland vs. wetland signatures in the
lowlands. The paucity of plant fossils with mesomorphic or xeromorphic characters in basins
is explained by a preservational megabias against habitats with seasonal moisture deficits,
even if located in lowland settings (Behrensmeyer et al., 2000; DiMichele and Gastaldo,
2008; Gastaldo and Demko, 2011). This interpretation does not exclude the existence of
resident populations of the dryland biome in permanently moisture-limited regions, from
which that type of vegetation dispersed when equatorial lowlands experienced drier
conditions (Read, 1947; DiMichele et al., 2010a, 2020; DiMichele, 2014). The dryland biome
was permanently resident in western Pangea, for example, and other loci may have been in
areas of rain shadow (Rowley et al., 1985; Van Hoof et al., 2013), or perhaps patches in
elevated hinterlands (Broutin et al., 1990), such as exist in parts of the modern Andes due to
regional effects on airflow patterns (Chavez and Takahashi, 2017).

We realize that inferring climate or habitat conditions solely from the morphological
features of upper Paleozoic plant fossils is fraught with uncertainties, as the taxa have few
modern homologues, and, even then, only at very high phylogenetic levels. Nonetheless,
tested repeatedly through numerous studies, a general understanding has emerged of the link
between the morphological and physiological characters of Pennsylvanian and Permian plant
taxa and physical indicators of their environment (Elias, 1936; Havlena, 1971; Scott, 1978,
1979; Iwaniw, 1985a; Mapes and Gastaldo, 1986; Rothwell and Mapes, 1988; DiMichele and
Aronson, 1992; DiMichele and Phillips, 1994; Calder et al., 1995, 2006; Gastaldo, 1996;



Falcon-Lang et al., 2004, 2009, 2011a, 2014, 2016; Falcon-Lang and Bashforth, 2005;
Feldman et al., 2005; Oplustil and Cleal, 2007; Oplustil et al., 2007, 2016a, 2017a;
Hernandez-Castillo et al., 2009; Libertin et al., 2009; Raymond et al., 2010, 2014; Bashforth
etal., 2010, 2011, 2014, 2016a, 2016b; Wagner and Castro, 2011; Stull et al., 2012; Wilson et
al., 2015, 2017; Simon et al., 2016; DiMichele et al., 2016, 2017a). Consequently, many taxa,
at ranks from species to order, can now be used to estimate moisture availability on the

landscape and the general climatic conditions under which they grew.

2. Objective of the review

The objective of this paper is to evaluate the relative influence of elevation and climate
as controls on the spatial and temporal distribution of late Paleozoic vegetation in tropical
Pangea. We believe that a means to resolving this longstanding debate rests in the
environmental signal presented by “mixed” floral assemblages, namely those composed both
of taxa indicative of humid climatic conditions with high soil moisture (wetland elements),
and those indicative of subhumid to semiarid climatic conditions with permanently or
seasonally low soil moisture (dryland elements). We provide a critical analysis of key mixed
plant-fossil assemblages of Early Pennsylvanian to early Permian (Cisuralian) age from
across the tropics of Euramerican Pangea, with interpretations of their original habitat and
climatic conditions drawn from multidisciplinary lines of evidence, including sedimentology,
taphonomy, plant physiology, and ecology. The dichotomy in hypotheses about the role
played by climate vs. elevation in creating conditions of soil moisture deficit provides the
framework of our evaluation. Although we do not present an exhaustive literature review of
mixed Pennsylvanian and lower Permian floral assemblages from equatorial Pangea, the

chosen studies touch on the broad themes of environmental variation in space and time.

3. Late Paleozoic tropical Pangea: paleogeographic and climatic setting

A key reason for the differences in opinion about the original habitat and ecological
significance of drought-tolerant taxa in the upper Paleozoic plant-fossil record is that both
climate and tectonics were dynamic factors in equatorial Pangea (Rowley et al., 1985;
Oplustil, 2004; Torsvik and Cocks, 2004; Tabor and Poulsen, 2008; Hopper et al., 2017;
Wagner, 2017). During the Pennsylvanian and Permian, Earth’s landmasses were
amalgamating into the supercontinent of Pangea (Fig. 3), which developed due to the oblique
convergence of Euramerica, Gondwana, and associated terranes, and resulted in uplift of the

Ancestral Rocky Mountain-Ouachita-Appalachian-Variscan Orogen (Central Pangean



Mountains) along a heterogeneous collision zone (Ziegler, 1989; Matte, 2001; Hatcher, 2010).
The mountain belt probably comprised a spatially and temporally discontinuous chain of
tectonically active centers (Roscher and Schneider, 2006; Wagner, 2017). This chain rose, and
eroded down, earlier in the east than in the west, in zipper-like fashion (Hatcher, 2002), rather
than being a continuous belt of high elevation that spanned the entire equatorial region.
Nonetheless, relief in some parts of the belt may have been comparable to the present-day
Himalayan Chain, based on the similarity of tectonic regimes and the metamorphic grade of
exhumed roots (Dewey and Burke, 1973; Maierova et al., 2016), as well as inferences from
climate-modeling studies (Fluteau et al., 2011).

The vast size of Pangea and the heterogeneous and diachronous nature of the collision
between Euramerica and northern Gondwana resulted in pronounced regional differences in
tectonic regime, physiography, and basin development in equatorial regions during the late
Paleozoic (Fig. 3). Westernmost Pangea comprised the island-dotted coastal seaboard of the
Panthalassan Ocean (Blakey, 2007; Nelson and Lucas, 2011), preserved today in the
southwestern USA as predominantly shallow marine carbonates. West-central Pangea
consisted of a low-gradient continental platform in the USA Midcontinent (Leighton et al.,
1991) that passed eastward into the foreland basins of the Appalachian region (Hatcher,
2010), with the degree of marine influence also diminishing eastward. Small intramontane
(mainly paralic) basins of central Pangea are found today in Atlantic Canada (Gibling et al.,
2019), whereas east-central Pangea consisted of a variety of paralic and intramontane (mainly
limnic) basins in the Variscan Deformation Zone of northern and central Europe (Roscher and
Schneider, 2006; Schulmann et al., 2014; Wagner, 2017). Eastern Pangea primarily was a
shallow marine zone that extended eastward from the Donets Basin of Ukraine and Russia
into the Paleo-Tethyan realm (Sachsenhofer et al., 2010). Note that we use the term
“intramontane basin” in its literal sense (‘“basin within mountains”), but differentiate those
that were influenced by marine incursions (paralic) from those presumed to be the loci of
entirely freshwater systems (limnic).

There also was a distinct spatial trend in moisture distribution from west to east across
equatorial Pangea. For example, Cecil et al. (2003a) traced a single glacial-interglacial cycle
of Desmoinesian (late Moscovian) age through a spectrum of climatic conditions, from arid in
western Pangea, through seasonally moisture-limited in the Midcontinent and Illinois basins,
to more humid in the Appalachian Basin. That widespread aridity prevailed almost
continuously in western Pangea is confirmed by numerous proxies (Mack, 2003; Tabor and

Montafiez, 2004; Tabor et al., 2008; Jordan and Mountney, 2012), and the occurrence of



loessites in Permian cyclothem deposits in Kansas points to strongly seasonal climatic
conditions during parts of glacial-interglacial cycles in the Midcontinent regions of the USA
(Dubois et al., 2012). However, the (per)humid climatic conditions necessary for peat
accumulation appear to have been widespread when and where they occurred. For example,
the fact that a siliciclastic parting or layer of volcanic ash can persist at the same level within
a coal bed over vast areas (Nelson, 1983; Greb et al., 1999, 2003) provides evidence for the
widespread contemporaneity of many upper Desmoinesian (Asturian and Cantabrian) coal
beds in paralic settings of west-central Pangea (Midcontinent through the Appalachians).
Likewise, the wetland biome from clastic substrates was remarkably homogeneous over great
distances during the early phases of deglaciation and sea-level rise (Moore et al., 2014;
Bashforth et al., 2016b).

Superimposed on this west-to-east moisture gradient was a long-term (107-year)
temporal trend of increasing temperature and aridity in equatorial Pangea through the late
Paleozoic (Cecil et al., 1985; Schutter and Heckel, 1985; DiMichele et al., 2006, 2009, 2010a;
Roscher and Schneider, 2006; Peyser and Poulsen, 2008; Tabor and Poulsen, 2008; Tabor et
al., 2008, 2013b; Oplustil et al., 2013b, 2017a; Van Hoof et al., 2013; Michel et al., 2015;
Tanner and Lucas, 2018). As a consequence of long-term aridification, wet-dry climatic
oscillations that resulted from glacial-interglacial cycles on 103- to 10%-year scales both
trended towards the drier end of the spectrum in a stepwise fashion (Montafiez et al., 2016).
The duration and spatial extent of (per)humid conditions, necessary for widespread peat
accumulation, diminished in the wet phases, whereas climatic seasonality became
increasingly intense during the dry phases (Wagner, 2004; DiMichele et al., 2009, 2020;
Falcon-Lang et al., 2009; Oplustil et al., 2013b; DiMichele, 2014). This progressive trend
towards drier conditions is expressed by changes in the aerial extent and volume of coal in
upper Paleozoic basins (Phillips and Peppers, 1984; Schutter and Heckel, 1985; Cleal and
Thomas, 2005). Peat accumulation peaked in the late Bashkirian and Moscovian (late Early to
Middle Pennsylvanian) throughout the tropics of Euramerica, but by the Kasimovian (early
Late Pennsylvanian) was largely restricted to basins west of the Appalachian Mountains
(west-central Pangea), isolated limnic intramontane basins in central Europe (east-central

Pangea), and the Donets Basin (eastern Pangea).

4. Late Paleozoic Ice Age dynamics in tropical Pangea
Establishing the linkage between ice volume, sea level, and climate is crucial to the

argument at hand. That there was abundant grounded ice in the south polar regions of Pangea



is firmly established by empirical evidence. Studies of Southern Hemisphere geology point to
multiple ice centers (Isbell et al., 2012; Fig. 3), rather than a single large ice sheet, and to
dynamic changes in ice volume (Isbell et al., 2003; Rygel et al., 2008; Birgenheier et al.,
2009; Fielding et al., 2010). Modeling studies suggest that fluctuations in atmospheric CO,
content were the proximate driver of ice volume (Horton et al., 2007, 2012; Montaiez et al.,
2007, 2016; Peyser and Poulsen, 2007; Poulsen et al., 2007; Chen et al., 2018). In the tropics,
repeated fluctuations in ice volume were accompanied by changes in sea level, atmospheric
circulation, and climate. The record of these oscillations varied greatly, even within the
tropics of Pangea, depending on regional conditions: proximity to an ocean, physiognomy,
tectonic setting, and position on the continent (Soreghan and Dickinson, 1994; Van den Belt
et al., 2015). From the Midcontinent through to the eastern USA, and in the Donets Basin of
Ukraine and Russia, cyclicity led to the deposition of so-called cyclothems (Wanless and
Shepard, 1936; Langenheim and Nelson, 1992; Heckel et al., 2007; Gastaldo et al., 2009;
Davydov et al., 2010; Eros et al., 2012; Cecil et al. 2014; Jirasek et al., 2018), within which
terrestrial strata, frequently including coal beds, alternated with marine deposits. However,
elsewhere in the tropics of Euramerican Pangea, such cyclicity is recorded in primarily marine
strata (Goldhammer et al., 1991; Elrick and Scott, 2010), in mainly terrestrial successions
(Gibling et al., 2004; Dubois et al., 2012; Cecil, 2013; Martino, 2016), or in limnic
intramontane basins removed from marine influence (Oplustil et al., 2013a, 2015, 2019; Lojka
et al., 2009, 2010, 2016).

The origin of these cyclic successions has long been attributed to the interplay of
tectonics and eustasy (Langenheim and Nelson, 1992). However, it has become clear,
particularly as modeling studies have advanced, that there were strong, systemic linkages
between ice volume, sea level, and climate. In particular, as originally envisioned by Wanless
and Shepard (1936), the role of climate in determining the lithological and depositional
succession in cyclothems is now known to have been far more significant than previously
understood (West et al., 1997, Cecil et al., 2003a; Horton et al., 2012; Heavens, 2015).

To interpret these patterns, observations of the Pleistocene and Holocene ice-house
world provide some guidance about the conditions under which key lithological indicators of
climate formed. For example, climate plays the primary role in peat accumulation in modern
tropical environments, in which humid to perhumid conditions are requisite (Lottes and
Ziegler, 1994; Hirano et al., 2009); the number of “wet months” (months during which
rainfall exceeds evapotranspiration; Table 1) is more important than mean annual rainfall in

predicting peat accumulation. Climate also exerts strong controls on erosion and sediment



transport by influencing vegetation density, rooting intensity, and canopy cover (Gyssels et
al., 2005; Reubens et al., 2007). In fact, almost counter-intuitively, in humid to perhumid
parts of the tropics, sediment supply to drainage networks is minimized because chemical
weathering predominates and soils are bound by a dense cover of vegetation and roots
(Ohmori, 1983; Cecil et al., 1993). Rather, maximum sediment production and transport occur
under a subhumid climate, which is characterized by seasonal and frequently intense rainfall
(Table 1), reduced plant cover, and decreased root density; less cover and soil binding
promote physical weathering through erosion and result in increased sediment load in fluvial
systems (Schumm, 1968; Hooke, 2000; Cecil and Dulong, 2003; Cecil et al., 2003b;
Latrubesse et al., 2005). Thus, intervals of high, evenly distributed rainfall: (i) favor plant
growth and soil saturation, fostering peat accumulation and dense vegetation cover on mineral
soils, and (i7) suppress the movement of sediment that, if introduced into peat-forming
environments, dilutes organic accumulations to such a degree that carbonaceous shales (rather
than coal) will result. In contrast, in seasonally dry environments, large amounts of sediment
are eroded and transported, leading to the development of complex, dynamic alluvial and
coastal plains.

Although climatic cyclicity occurred throughout the Pennsylvanian and early Permian,
regardless of geographic location, nowhere was the climate continuously humid to perhumid.
Where such a climate state periodically existed, there also were intercalated and generally
very long intervals (20,000 years or more) of seasonal climate (Tandon and Gibling, 1994;
Falcon-Lang et al., 2009; Horton et al., 2012; Rosenau et al., 2013; Cecil et al., 2014).
Glacial-interglacial cycles on the scale of 10°-year left an indelible signature in the rock
record, with resulting lithological patterns recording environmental variations in climate and
sediment transport (Cecil et al., 1985, 2014; Cecil, 1990; Langenheim and Nelson, 1992),
even in areas remote from eustatic effects (Roscher and Schneider, 2006; Oplustil et al.,
2013a, 2015; Lojka et al., 2016). Evidence of these climatic fluctuations comes from several
abiotic sources, most notably paleosols, sedimentological patterns, the extent and widespread
correlation of stratigraphic sequences, and modeling studies. For example, many paleosols
beneath coal beds record a dynamic and polygenetic history, with initial formation under
seasonally distributed rainfall, progressing to aseasonal rainfall in late stages, prior to the
onset of peat formation (Driese and Ober, 2005; Rosenau et al., 2013; Oplustil et al., 2019).
Sedimentological studies have demonstrated a clear relationship between channel
architecture, drainage-basin extent, and prevailing rainfall regime in tropical settings, both in

paralic and limnic basins (Feldman et al., 2005; Fielding et al., 2009, 2018; Allen et al., 2011;



Lojka et al., 2016), with evidence of seasonally dry climates falling between peat-forming
intervals. In strata between coal beds, shallow fluvial channels, largely filled with
intraformational and locally derived sediment, have been identified as lateral facies of
paleosols that record seasonal rainfall regimes (Feldman et al., 2005; Falcon-Lang et al.,
2009; DiMichele et al., 2016).

Furthermore, coal beds that can be correlated over large areas apparently formed
contemporaneously throughout their extent, based on the presence of siliciclastic partings,
datable ash beds, petrographic characteristics of distinct and widespread benches, or the
microfossil content of overlying marine beds (Gresley, 1894; Fisher, 1925; Nelson, 1983;
White et al., 1994; Greb et al., 1999, 2003; Cecil et al., 2003a; Jerrett et al., 2011). As such,
widespread, economic coal beds generally are not the lateral facies of siliciclastic paleosols,
or of floodplain deposits, and cannot be traced laterally into such paleosols. At larger scales,
the repetitive cycles of marine and nonmarine strata, including coal beds, have been widely
correlated, effectively across the Euramerican continent (Heckel et al., 2007; Eros et al.,
2012), demonstrating that regional allocyclic mechanisms were responsible for the
architecture of sequences where tectonic overprinting was minimal. Finally, climate-modeling
studies at scales larger than single glacial-interglacial cycles have shown strong associations
between the extent of Pennsylvanian ice sheets and tropical climate (Crowley and Baum,
1992; Otto-Bliesner, 1992; Poulsen et al., 2007; Peyser and Poulsen, 2008; Montafiez et al.,
2016). Where such dynamics have been investigated at the scale of individual cycles (Horton
et al., 2012; Montafiez et al., 2016), there is conformance between the patterns of climate

change and the physical evidence from the rock record.

5. Taphonomic processes of plant-fossil preservation

The preservation of identifiable plant fossils in the geological record requires the
coincidence of a unique set of conditions (DiMichele and Gastaldo, 2008; Gastaldo and
Demko, 2011; Looy et al., 2014a; DiMichele et al., 2016, 2020). The most important factor is
burial of plant remains in a depositional environment where the effects of bacterial and fungal
degradation are negligible, i.e., short-term preservation. In a terrestrial setting, this can be
accomplished if material is buried below the fluctuating part of the water table, particularly in
a setting where dysoxic to anoxic conditions prevail (Ferguson, 1985; Burnham, 1989;
Gastaldo et al., 1989; Spicer, 1989). Burial must be rapid because microorganisms and
macrodetritivores, mainly arthropods, will quickly destroy organic matter, especially in warm,

tropical settings (Gastaldo, 1994; Falcon-Lang et al., 2015a). For intermediate-term



preservation (103- to 10*-year), burial of the plant-bearing sediment beneath a flooded surface
is an essential next step (Gastaldo and Demko, 2011). If this ensues, long-term preservation
(10%-year) can occur where tectonism or subsidence create sufficient accommodation space
for further burial. The fact that identifiable plant remains are relatively uncommon in the
fossil record testifies to how rarely all of these conditions are met.

Subsiding depositional basins are the most probable places for all three burial phases to
coincide due to the possibility for long-term burial, removing the fossil-bearing deposits from
the effects of erosion. This explains why so-called “uplands” rarely are directly represented in
the Paleozoic rock record, although they may still survive in intramontane Cenozoic settings
where erosion has yet to remove them (Frisch et al., 1998; Vincent, 2001; Rodriguez-
Fernandez and Sanz de Galdeano, 2006; Cather et al., 2012: table 4). Nonetheless, the
preservation of elevated late Paleozoic areas has been postulated in the Variscan realm
(Tenchov, 1976; Oplustil, 2005a), rare examples that may reflect unusual tectonic
circumstances within a mountain belt.

Plant fossils occur in a variety of depositional environments in basins, including peat-
forming habitats where plants were preserved largely in situ, on mudflats in coastal regions
during marine transgressions, in lakes into which plants mainly were transported from the
surrounding shoreline or from riparian habitats of streams debouching into the lake, or in
fluvial channels that were abandoned and rapidly filled (Scheihing and Pfefferkorn, 1984;
Ferguson, 1985, 2005; Burnham, 1989; Gastaldo, 1989; Gastaldo et al., 1989; Spicer, 1989).
Of critical importance, empirical studies demonstrate that the source of most canopy litter in
modern (para)tropical riparian forests is from local plants growing within an ~0.1 ha area
(Burnham, 1989, 1993); such taphocoenoses were termed “parautochthonous” by Bateman
(1991). Accordingly, most macrofloral assemblages afford “ecological snapshots” of plant
communities that lived in the vicinity, and provide a rough estimate of relative abundances in
the source vegetation (Wing and DiMichele, 1995; DiMichele and Gastaldo, 2008). However,
in basins subjected to strongly seasonal climates, including the western regions of Pangea
during the Pennsylvanian, and nearly everywhere in tropical Pangea outside of Cathaysia
during the Permian (Hilton and Cleal, 2007; Wang et al., 2012), plant fossils are relatively
rare because the conditions for both short- and intermediate-term preservation were seldom
met.

Falcon-Lang et al. (2009) suggested that the seasonally dry phases of glacial-interglacial
cycles were of significantly longer duration than the (per)humid intervals, but that the

likelihood of plant-fossil preservation was low during those drier times due to a strong



taphonomic megabias (Behrensmeyer et al., 2000). If correct, vegetation adapted to seasonally
dry conditions may have been the predominant tropical vegetation of the “Coal Age”, rather
than the oft-reconstructed Pennsylvanian peat swamps. However, the preservational potential
of plant matter in seasonally dry landscapes is vanishingly small, resulting in an extremely
poor record of these floras. When preserved, such assemblages commonly contain both
“Lazarus” (Jablonski, 1986) and “Methuselah” (Looy et al., 2014a) taxa, being those that
appear well after or well in advance (respectively) of stratigraphic intervals in which they are
more commonly known. Examples include characteristically Mississippian taxa in
Pennsylvanian assemblages (Read, 1934; Leary and Pfefferkorn, 1977; Wagner, 2001;
Mamay and Bateman, 1991; Bashforth et al., 2014), or plants typical of the late Permian or
Mesozoic being found in Upper Pennsylvanian and lower Permian assemblages (Looy, 2007;
DiMichele et al., 2001b; Wagner and Alvarez—Vézquez, 2010; Looy et al., 2014a; Looy and
Duijnstee, 2020). In nearly all instances, these temporally disjunct occurrences are from
seasonally dry environments. Such assemblages also may contain plants of uncertain affinity
(Mamay, 1990; Mamay and Mapes, 1992; Bashforth et al., 2016a; DiMichele et al., 2016),
and fossil-taxa with large biogeographic range gaps or extensions (Read, 1947; DiMichele et
al., 2001b; Falcon-Lang et al., 2015b; Blomenkemper et al., 2018). Such anomalies reflect the
rarity with which seasonally dry vegetation was preserved, rather than the rarity with which it

occurred, on Pennsylvanian and early Permian landscapes.

6. Selected examples of “mixed floras” in environmental context

In this section, the body of the review, summaries are given for a selection of studies
that integrate sedimentologic, paleoclimatic, and paleofloristic evidence, the kind of
investigations on which arguments in this review rest. The chosen papers represent only a
subset of those that have examined upper Paleozoic plant-fossil assemblages that contain a
mixture of wetland and drought-tolerant elements, but should suffice as an introduction to the
sizeable body of literature that exists for such mixed floras. The examples (Table 2; Figs. 4, 5)
are arranged chronologically within three time slices (Pennsylvanian, Pennsylvanian-Permian
transition, and early Permian), and within these time bins, based on their paleogeographic
position in equatorial Pangea, from west to east: western Pangea (western USA; Fig. 6), west-
central Pangea (Midcontinent to Appalachian regions of the USA; Fig. 6), central Pangea
(Atlantic Canada; Fig. 7), and east-central Pangea (Europe; Fig. 8). Organized in this manner,

broad patterns in regional climatic conditions and temporal trends emerge.



6.1. Stratigraphic terminology and boundaries

The relative chronostratigraphic positions of localities or lithostratigraphic units
reviewed herein are given in Figs. 4 and 5 and Table 2. Fig. 4 encompasses all localities
outside of the Czech Republic (Fig. 5), and shows correlations between the global and
regional divisions of the Pennsylvanian Subsystem (after Davydov et al., 2012; Richards,
2013) and the Cisuralian Series (lower Permian) (after Henderson et al., 2012; Lucas and
Shen, 2017). The significant number of dashed lines at chronostratigraphic boundaries reflects
ongoing uncertainties in the placement and correlation between global stages, North
American regional stages, and Western European regional (sub)stages. Likewise, the position
of many localities and the range of lithostratigraphic units are only approximated, particularly
in the uppermost Pennsylvanian and lower Permian, due to a lack of biostratigraphic control
and radioisotopic dates. The following adjustments were made to the base chart of Richards
(2013) for increased precision: (i) the Bolsovian-Asturian Substage boundary was lowered to
just below the Atokan-Desmoinesian Stage boundary, based on biostratigraphic correlations
of macrofloral assemblages from the Illinois Basin (Bashforth and Nelson, 2015; Bashforth et
al., 2016b); (ii) the Missourian-Virgilian Stage boundary, which is identified by the first
appearance of the conodont Streptognathodus zethus (Heckel, 1999), was placed slightly
below the Kasimovian-Gzhelian Stage boundary, which is marked by the first appearance of
the conodont Idiognathodus simulator (Heckel et al., 2007, 2008); and (ii7) the Virgilian-
Wolfcampian Stage boundary was situated within the Gzhelian Stage (at the “Bursumian”-
Nealian boundary; Davydov et al., 2010; Lucas et al., 2013a; Lucas and Shen, 2016), based
on placement of the Pennsylvanian-Permian boundary at the first appearance of the conodont
Streptognathodus isolatus (Davydov et al., 1998).

There is considerable complexity in the placement and terminology of
chronostratigraphic boundaries and biostratigraphic events through the Middle to Upper
Pennsylvanian transition, particularly as used in the American literature (see Falcon-Lang et
al., 2011b, 2018). We attempt to clarify the various terms used here:

e The traditional Desmoinesian-Missourian Stage boundary in the central and eastern
USA coincides with the abrupt disappearance of Lycospora-producing lycopsids and the
concomitant influx of tree ferns in peat-forming habitats (Phillips et al., 1974, 1985;
Phillips and Peppers, 1984; DiMichele and Phillips, 1996; Kosanke and Cecil, 1996;
Peppers, 1996, 1997). The level of this floristic turnover is indicated with asterisks on
Fig. 4. As employed in much of the American literature, including the aforementioned

papers, this major floristic reorganization event is considered equivalent to the



traditional Westphalian-Stephanian Stage boundary of Western Europe, as that
boundary was defined prior to introduction of the Cantabrian Substage, now the lowest
substage of the Stephanian (Wagner and Winkler Prins, 1985). With establishment of
the Cantabrian, the revised Westphalian-Stephanian boundary is now positioned in the
upper Desmoinesian. Furthermore, we emphasize that many American workers continue
to refer to the Desmoinesian-Missourian boundary as the “Middle-Upper Pennsylvanian
boundary” (but see below). Others have disregarded the Cantabrian due to justifiable
difficulties in correlating the unit into the USA, and continue to use a “pre-Cantabrian”
framework, in which the traditional Desmoinesian-Missourian and traditional
Westphalian-Stephanian boundaries are considered coincident;

The revised Desmoinesian-Missourian Stage boundary in the USA is defined by the
first appearance of the conodont Idiognathodus eccentricus (Heckel et al., 2002). The
boundary now occurs at a slightly higher stratigraphic level than the traditional,
palynology-based Desmoinesian-Missourian boundary and accompanying floral step-
change (Fig. 4);

The Middle to Upper Pennsylvanian Series boundary equates to, and is coupled with,
the Moscovian-Kasimovian Stage boundary (Fig. 4), as presently defined in the
Moscow Basin. In its current iteration, the boundary is situated below both the
traditional and revised Desmoinesian-Missourian boundaries of the USA, and is within
the lower Cantabrian Substage of Western Europe. As a Global boundary Stratotype
Section and Point (GSSP) for the Moscovian-Kasimovian boundary has yet to be
formally ratified, efforts are afoot that may see it adjusted to a higher level that
coincides with the revised Desmoinesian-Missourian boundary (Villa and Task Group,
2008; Heckel, 2013).

The chart in Fig. 5 shows the relative chronostratigraphic positions of reviewed

lithostratigraphic units from the Czech Republic. Correlations between the global and

Western European divisions of the Pennsylvanian and lower Permian have recently been

constrained by high-precision radioisotopic dating in numerous basins in the Czech Republic

(Oplustil et al., 2016b, 2016¢, 2017b) and in the Autun Basin of the French Massif Central

(Pellenard et al., 2017). Refinements to the chronostratigraphic framework based on these

data have resulted in marked upward shifts in the absolute ages of all Western European

(sub)stages as they correlate to the global stages. As a consequence, we emphasize that the

range of lithostratigraphic units shown for the Czech Republic (Fig. 5; Table 2) cannot be

directly compared with those from elsewhere (Fig. 4). Although the refinements proposed by



Oplustil and colleagues may ultimately be accepted by the International Commission on
Stratigraphy (ICS), the lack of biostratigraphically useful marine microfossils in the largely
terrestrial fill of intramontane basins in the Variscan Mountains, and the paucity of
radioisotopic data from the American successions, continues to hamper correlations between
Western European (sub)stages and American stages. For this reason, we retained the
chronostratigraphic framework for the Pennsylvanian and lower Permian, as currently
recognized by the ICS (Davydov et al., 2012; Henderson et al., 2012; Richards, 2013; Lucas
and Shen, 2017), for all localities outside of the Czech Republic.

6.2. Pennsylvanian
6.2.1. Western Pangea (western USA) (Fig. 6)
6.2.1.1. Atrasado Formation, Socorro County, New Mexico

The uppermost Desmoinesian to middle Virgilian Atrasado Fm. in Socorro County,
New Mexico (Barrick et al., 2013) has yielded mixed floras from tens of stratigraphic levels
and a variety of depositional environments, including prodeltaic mudstones, dysoxic lagoons,
and floodplain channels (Lerner et al., 2009; Lucas et al., 2013b; DiMichele et al., 2017b).
Almost all macrofloral assemblages have a mixed character. Typical wetland elements
include the medullosalean pteridosperm Neuropteris ovata, marattialean tree fern foliage,
calamitalean stems and foliage, and rare sigillarian lycopsids. Mesomorphic taxa, which are
interpreted as having been tolerant of some seasonal drought, include several fossil-species of
Odontopteris, Neurodontopteris auriculata, and Sphenopteris germanica, whereas the
xeromorphic component includes cordaitaleans, conifers, and the noeggerathialean Charliea.
Two locally widespread autochthonous plant-fossil accumulations in the Atrasado Formation
record extreme environmental endpoints: (/) A Desmoinesian assemblage dominated by
Neuropteris ovata with lesser calamitalean remains, interpreted as a coastal swamp
community; and (i7) a Missourian assemblage of coniferopsid tree stumps rooted in a
calcareous mudstone and buried in dunes of carbonate and gypsum (Falcon-Lang et al.,
2011a, 2016), interpreted as having inhabited an arid coastal setting (Elrick et al., 2017). The
autochthonous coniferopsid assemblage clearly demonstrates the existence of a Pennsylvanian
drought-tolerant flora within a basin (and in a coastal setting no less), rather than being
transported from an upland. Of equal significance, this coastal deposit is intercalated within
fossiliferous strata that contained mixed macrofloral assemblages. The autochthonous N.
ovata- and coniferopsid-dominated floras thus record the effects of vastly different moisture

regimes on a coastal region, manifested in the vegetation.



These assemblages permit direct assessment of the ongoing conflict between elevational
vs. climatic causations of floristic change. Both factors were active in this area during
deposition of the Atrasado Fm., with eustatic sea-level fluctuations (Elrick and Scott, 2010)
being superimposed on tectonically driven accommodation space and regional uplift (Lucas et
al., 2013b). However, across the traditional Desmoinesian-Missourian boundary (see Section
6.1; Fig. 4), where significant floral changes have been documented in coal basins throughout
west-central Pangea (Phillips et al., 1974; Kosanke and Cecil, 1996; Peppers, 1997), there is
little change in the seasonally dry floras. Most of the Desmoinesian flora, mainly composed of
drought-tolerant taxa, crosses the boundary nearly intact. Thus, in an area where there was
active tectonism and regional uplift, there is significantly less floristic change than in the
basins farther east, where tectonic influence was more passive and long-term subsidence

mainly occurred through sediment loading.

6.2.1.2. Kinney Brick Company Quarry, New Mexico

The Kinney Brick Company Quarry locality near Albuquerque, New Mexico, provides
some of the best known mixed macrofloral assemblages from the western, seasonally dry
climate zone of western Pangea (Mamay and Mapes, 1992; DiMichele et al., 2013a). The
plant-fossil-bearing strata (Tinajas Mb., Atrasado Fm.) are middle Missourian in age (Lucas
et al., 2011), and are interpreted as having been deposited in a fluvial delta front that
prograded over a coastal estuary (Feldman et al., 1992; Lorenz et al., 1992). The relatively
diverse flora consists of approximately 35 “whole plant” species, with cordaitalean leaves
(Cordaites) lumped at the genus level. Based on occurrence frequency, walchian conifers
dominate, complemented by abundant and diverse pteridosperms, many of which have been
considered typical of somewhat drier substrates. Marattialean tree ferns and calamitaleans,
characteristic wetland plants, also are prominent. However, assemblages also include a
number of unusual fossil-taxa, including noeggerathialeans and plants of uncertain affinity, a
typical feature of seasonally dry settings. Situated far out in western Pangea, where
permanently seasonally dry conditions prevailed and no contemporary coal beds are known,
the assemblages still contain many elements characteristic of wetland floras found in clastic
rocks of coal-bearing successions. Furthermore, there is no geological evidence of upland
habitats in the immediate area. Instead, the combination of lithofacies and floral composition
points to a low-gradient coastal setting dominated by conifers, but with pockets of wetland

vegetation on more poorly drained landforms.



6.2.1.3. Carion del Cobre, Rio Arriba County, New Mexico

DiMichele et al. (2010b) summarized the composition, age, and paleoenvironmental
context of macrofloral assemblages in the uppermost Virgilian EI Cobre Canyon Fm. (Cutler
Group) in Cafion del Cobre, northern New Mexico. The lithostratigraphic unit is dominated
by brownish siltstones with abundant rhizoliths and multistoried, trough cross-bedded
sandstone bodies, and has been interpreted to record deposition on a braided-river plain with
shallow, ephemeral, low-sinuosity channels that traversed vegetated floodplains (Eberth and
Miall, 1991; Lucas and Krainer, 2005; Lucas et al., 2005). The pervasive sparry calcite
cement, variably developed calcisols, ferric paleosols, calcareous rhizoconcretions, and
sedimentologic indicators for flashy discharge all point to generally seasonal and oxidizing
conditions throughout development of the formation (Tanner and Lucas, 2018). Nonetheless,
most plant fossils recovered from Canon del Cobre are characteristic of Late Pennsylvanian
wetland communities (Hunt and Lucas, 1992; DiMichele and Chaney, 2005; DiMichele et al.
2010b). Macrofloral assemblages from facies interpreted as seasonally active channel bodies,
abandoned-channels, and crevasse splays are dominated by diverse ferns and sphenopsids
(frequently preserved in situ or as dense, tangled mats), with pteridosperms and lycopsids
(Sigillaria) also being common at localities where there is evidence for generally wetter
substrate conditions. DiMichele et al. (2010b) suggested that these taphocoenoses mainly
represent riparian plants that were derived from local channel margins or in-channel bars and
were rapidly buried during flood events. Plant fossils recovered from standing-water deposits
contain very low diversity assemblages in which one or two species of medullosalean
pteridosperm predominate (e.g., Alethopteris zeilleri, Macroneuropteris scheuchzeri), with
lesser sphenopsids at some localities.

Although usually very rare, the remains of taxa that are more characteristic of
periodically moisture-limited habitats also are present in Cafion del Cobre. For example,
isolated walchian conifer fragments occur in a few taphocoenoses that otherwise only
preserve typical wetland floras, whereas mesomorphic (Odontopteris sp. cf. O. lingulata) and
xeromorphic (walchian conifers, Taeniopteris) taxa are more commonly mixed with
hygromorphic ferns and other wetland plants in assemblages in the upper part of the
succession. These observations are consistent with an overarching preservational megabias
towards vegetation that occupies the wettest parts of a landscape. Given the seasonally dry
climatic conditions that prevailed during deposition of the El Cobre Canyon Fm., we infer that
plants adapted to seasonal moisture deficit not only were present, but probably occurred in

much greater abundance than indicated by the macrofloral assemblages. Such drought-tolerant



taxa may actually have dominated most landforms on the braided-river plains. Nonetheless,
riparian vegetation from the most poorly drained habitats predominates in most of the
macrofloral assemblages, being derived from plants that lived adjacent to sites of deposition

and thus more frequently affected by flooding, disturbance, and burial.

6.2.2. West-central Pangea (Midcontinent to Appalachian regions of USA) (Fig. 6)
6.2.2.1. “Basin margin’’ assemblages, northwestern Illinois Basin

The Late Mississippian exposure, erosion, and karstification of Paleozoic carbonates
that floor much of the Illinois Basin resulted in a relatively flat landscape that was dissected
by major paleovalleys, narrow ravines, sinkholes, and caves (Bristol and Howard, 1971;
Leary, 1981; Greb, 1989). Scattered localities near the present-day northwestern erosional
margin of the basin expose discontinuous and variable strata of the lowermost Caseyville Fm.,
which represent the earliest stages of infill along this irregular unconformity surface during
the Morrowan (early? to late Namurian, early Bashkirian). Several of these deposits have
yielded unusual mixed floras characterized by cordaitaleans and fossil-taxa that are very rare
or absent in coeval assemblages in coal-bearing successions, particularly the putative
pteridosperms Megalopteris and Lesleya and various noeggerathialean progymnosperms.
White (1931) was the first to propose that these unique assemblages may preserve the
vegetation that occupied thin calcareous soils that mantled the vast carbonate plains of west-
central Pangea during the Early Pennsylvanian. White (1931) also suggested that the
coriaceous and xeromorphic aspect of some elements in the floras could signify growth under
more seasonal climatic conditions.

One of the best-documented sites hosts the “Spencer Farm Flora” in Brown County,
west-central Illinois, along the erosional margin of an outlier of the Illinois Basin (Leary
1974a, 1974b; Leary and Pfefferkorn, 1977). The age of the locality is poorly constrained, but
a Namurian B age was proposed (Leary and Pfefferkorn, 1977; Peppers, 1996), equivalent to
the Kinderscoutian or Marsdenian (early Bashkirian). The macrofloral assemblage was
recovered from irregularly interbedded siltstones, sandstones, and shales at the bottom of a
steep-sided, ca. 12 m-deep paleo-ravine that downcuts through Middle Mississippian (Viséan)
carbonates of the St. Louis and Salem formations. Plant fossils are preferentially preserved in
coarser-grained units, such as lenses that comprise coarse sand grains floating in a matrix of
siltstone and claystone, and crudely stratified sandstones that have irregular to wavy bedding
and pebble-sized claystone intraclasts at their bases. Plant remains frequently cross-cut

bedding planes and are twisted or distorted, indicative of rapid deposition and burial in



sediment slurries during flash flood events. As quantified by Leary and Pfefferkorn (1977),
the flora is dominated by diverse pteridosperms, particularly Sphenopteris, Eusphenopteris,
and Alethopteris, all of which are typical of roof-shale assemblages. However, foliage of
Megalopteris, Lesleya, and Rhodeopteridium, fossil-genera that are very rare in wetland
deposits, also are well represented. The foliage (Palaeopteridium, Gulpenia) and cones
(Lacoea) of noeggerathialeans also are common; these taxa are not found in roof-shales in
contemporaneous coal-bearing successions. Cordaitaleans are an important element of the
flora, whereas sphenopsids and ferns are less common, and lycopsids are very rare.

The Spencer Farm Flora was interpreted to represent the vegetation that occupied
seasonally dry, calcareous soils on the karstified “uplands”, and which were washed into the
ravine during episodic flood events (Leary 1974a, 1974b; Leary and Pfefferkorn, 1977).
Although we largely agree with this evaluation, we suggest that undue emphasis has been
placed on the inference that the carbonate bedrock in the vicinity of the paleo-ravine
comprised well-drained “extrabasinal” or “upland” habitats, simply because it was at slightly
higher elevations. Rather, we suggest that the better-drained edaphic conditions, and thus the
mixed composition of the vegetation, resulted from growth under a seasonal climate mode,
clear evidence for which is preserved in the irregularly interbedded deposits that entomb the
distorted plant fossils. Furthermore, vegetational heterogeneity may have been accentuated by
the fact that precipitation in karstified landscapes frequently has short retention times, as soils
may be thin and free water rapidly lost to the subsurface through sinkholes and fractures
(Bonacci, 2015).

Additional examples of these unusual mixed macrofloral assemblages were documented
in the fills of karst topography farther north in Rock Island County, Illinois, along the
northwestern erosional margin of the Illinois Basin (Leary, 1974a, 1975, 1981). The age of
these localities is uncertain, although deposition may have begun as early as the Namurian A
(Leary, 1981), perhaps equivalent to the Alportian (early Bashkirian) in current usage. The
best-documented locality is at the Allied Stone Company Quarry, where the pre-
Pennsylvanian unconformity consists of a nearly horizontal surface of limestone (Middle
Devonian Cedar Valley Fm.) dissected by steep-sided, flat-bottomed channels that are
approximately 4 to 6 m deep and 8 to 20 m wide. The channel-fills mainly comprise
horizontally bedded successions of gray mudstone and shale, with irregular lenses and thin
beds of clean, quartz-rich sandstone scattered throughout. However, pebble to cobble
conglomerates and sandstones line the bases of some channels, and channel-fills frequently

are capped by a black, pyrite-bearing, fissile shale. Plant-fossils from the mudstones and



shales generally are well-preserved, large and unfragmented, and occasionally include foliage
attached to branches, indicative of minimal transport.

Based on the quantification of Leary (1981), two separate floras occur in the channel-
fills at the Allied Stone Company Quarry. The lower gray mudstone and shale successions
yield diverse mixed assemblages that are dominated by leaves of Megalopteris, Lesleya, and
Cordaites; other common elements include lycopsids (Lepidodendron sensu lato),
sphenopsids (mainly calamitaleans), diverse pteridosperms (especially Sphenopteris), and the
cones of noeggerathialeans (Lacoea). Accordingly, the lower flora comprises a mixture of
typical wetland taxa, together with plants that are rare or absent in such settings. In marked
contrast, fossils in the distinct upper black shale units are restricted to abundant calamitalean
axes and lycopsids, together with rare Cordaites and axes of marattialean tree ferns (see
DiMichele and Phillips, 1977), all of which are characteristic of wetland habitats.

Leary (1974a, 1975, 1981) concluded that the channels on the limestone paleoplain
were gradually encroached and filled by lacustrine or estuarine deposits under quiet water
conditions. During initial stages of infilling, some plant remains (Megalopteris, Lesleya,
cordaitaleans, noeggerathialeans) were introduced to the channels from local “uplands”,
which consisted of carbonate plains covered by thin, well-drained, terra rossa-type soils,
whereas the “lowland” elements (calamitaleans, lycopsids) occupied wetter habitats directly
adjacent to the channels. As the sea advanced, the channels were filled and the water table
rose, resulting in a black, fissile shale that only preserved “lowland” plants, particularly
lycopsids and calamitaleans with lesser cordaitaleans and ferns. Crucially, Leary (1981)
postulated that a warm, humid climate existed throughout infilling of the channels.

As with the Spencer Farm Flora described above, we agree with the interpretation of
where the different plant communities were situated in this Early Pennsylvanian landscape.
However, again, we believe that the reconstruction relies too heavily on the idea that well-
drained “uplands” hosted one flora and that poorly drained “lowlands” hosted another, all
existing in immediate proximity under a humid climate mode, their distribution simply being
controlled by slight differences in elevation. Rather, we would argue that such
compartmentalization of the vegetation in the landscape was made possible due to a seasonal
climate, under which slight elevational differences are accentuated, enabling wetland and
drought-tolerant taxa to coexist with a patchy distribution. Furthermore, as noted for the
Spencer Farm Flora, the rapid loss of most precipitation in the karstified landscape to the

subsurface may have amplified the vegetational heterogeneity, with the carbonate plains being



quickly drained of free water and thus ideal for taxa adapted to seasonal drought (i.e., the
cordaitaleans, Megalopteris, Lesleya, and noeggerathialeans).

The final point to make is that the unusual macrofloral assemblages described above,
being characterized by Megalopteris, Lesleya, noeggerathialeans, and abundant cordaitaleans,
have frequently been misattributed to being “basin margin”, “upland”, or “extrabasinal” floras
in the literature. These terms are misnomers, and, even if inadvertent, their use has
exacerbated the misconception that xeromorphic, rare, and/or enigmatic plant taxa were
confined to such positions on late Paleozoic landscapes, whereas the more common wetland
taxa occupied “lowland” settings. As predicted by White (1931), these drought-adapted plants
would have occurred wherever the appropriate edaphic and climatic conditions existed, and
probably were widespread on the thin calcareous soils that covered carbonate bedrock
surfaces throughout west-central Pangea during the earliest Pennsylvanian. Accordingly,
similar assemblages with Megalopteris and Lesleya almost certainly are widespread in the
lowermost Caseyville Fm. (Morrowan, lower Bashkirian) at the base of the sedimentary fill of
the Illinois Basin, but now are deeply buried and remain inaccessible without a serendipitous
borehole. Thus, even though these floras have been exposed by erosion along the present-day
basin margin, they were not restricted to “basin margin”, “extrabasinal” or “upland” habitats.
Furthermore, as described below in Section 6.2.2.3, deposits of a flashy discharge channel

containing leaves of Lesleya have been identified in younger strata in the eastern Illinois

Basin, at a locality that was not situated at the basin margin (Bashforth et al., 2016a).

6.2.2.2. Central Limestone Quarry, Illinois

At the Central Limestone Quarry in northeastern Illinois, on the northern margins of the
Illinois Basin, unique macrofloral and microfloral assemblages are preserved in a
Pennsylvanian-aged, heterolithic fill of cave and karst features developed in Ordovician
limestone (Plotnick et al., 2009; Scott et al., 2010). Included in the Tradewater Fm., the
Atokan strata probably correlate with the Duckmantian and/or Bolsovian of Western Europe
(upper Bashkirian and/or lower Moscovian). The macrofloral assemblage is dominated by the
fragmentary remains of cordaitaleans and walchian conifers. Many fragments are preserved as
charcoal, particularly higher in the fill succession, suggesting that the climate may have been,
at least periodically, seasonally dry. Although the microfloral assemblage also contains
considerable cordaitalean and conifer pollen, spores derived from herbaceous lycopsids are
abundant (together with rare arborescent lycopsid spores), particularly low in the fill

succession. This unique environment of deposition and preservation captures a broad floristic



change, interpreted as corresponding to a shift from generally wetter to drier climatic
conditions as the karst topography filled. Distinctly seasonal cycles of deposition recorded at
the top of the succession may evidence annual flooding events (Plotnick et al., 2009; Scott et

al., 2010).

6.2.2.3. Mixed assemblages below the Minshall Coal, Indiana

Bashforth et al. (2016a, 2016b) reported a juxtaposition of highly divergent floral
signatures over a short stratigraphic interval at a single locality, based on collections from the
Ashboro Pit in Clay County, west-central Indiana. The macrofloral and microfloral
assemblage from roof shales (lowermost Staunton Fm., upper Atokan, lower Asturian) of the
Minshall Coal are entirely composed of wetland plants (Bashforth et al., 2016b), consistent
with the climate signature. However, directly below the paleosol of the coal, a heterolithic
unit (uppermost Brazil Fm.) with sedimentological indicators of seasonal deposition yielded a
distinctly different macrofloral assemblage. Characterized by interbedded shale, siltstone, and
sandstone with local intraclasts, the fossiliferous heterolithic unit probably represents a
shallow channel filled by flashy discharge. The assemblage is strongly dominated by drought-
tolerant taxa, including cordaitaleans, Lesleya, and Taeniopteris, with rare sphenopsids and
ferns typical of wetland habitats (Bashforth et al., 2016a). Wholly incongruent with the
macroflora, the palynoflora from the heterolithic unit is dominated by tree ferns and
lycopsids, with a significant component of cordaitalean pollen. Similarly, DiMichele et al.
(2016) documented dryland-dominated macrofloral assemblages and wetland-dominated
microfloral assemblages at numerous localities in Indiana at the same stratigraphic level (just
below the paleosol of the Minshall Coal).

The floristic and sedimentologic findings from the mixed assemblages below the
Minshall Coal demonstrate the cyclic nature of floral changeovers that occurred in basinal
lowland settings of tropical Pangea in response to glacial-interglacial oscillations. A key
observation is that the wetland- and dryland-dominated macrofloral assemblages are not
intermixed, but interdigitate in the succession. However, as expected, the flora in which
drought-tolerant taxa are predominant also contains a minor component of wetland species, as
occurs in many western Pangean assemblages. Being situated on an extremely low-gradient
landscape, at least 250 km from any elevated terrain and with no evidence of tectonic activity
(Bashforth et al., 2016a), the most tenable explanation for this floristic pattern is a response to

climatic change.



6.2.2.4. Cottage Grove Mine, Illinois

At the Cottage Grove Mine in southeastern Illinois, Falcon-Lang et al. (2009) described
a mixed macrofloral assemblage from upper Desmoinesian (Cantabrian, uppermost
Moscovian) channel-fill deposits situated beneath the Baker Coal (Shelburn Fm.) in the
Illinois Basin. The channel is laterally equivalent to a Vertisol directly below the Baker Coal,
indicating that a seasonally wet climate prevailed during channel incision and filling,
preceding peat accumulation, which occurred under humid conditions. Collected from thin
siltstones between conglomerates at the base of the channel fill, cordaitaleans are the
dominant plant fossils, whereas walchian conifers are rare. Wetland elements are uncommon
to rare, and include medullosalean pteridosperms, tree ferns, and calamitaleans. Similar to the
mixed assemblages below the Minshall Coal (Section 6.2.2.3), the presence of a dryland-
dominated assemblage a few meters below a coal seam, the precursor of which (peat)
unequivocally developed under a (per)humid climate, is significant in demonstrating how, at a
single locale, floristic patterns changed in concert with a climate shift.

Looy et al. (2014b) subsequently investigated the palynological content of two samples
of siltstone from a fossiliferous slab collected for the Falcon-Lang et al. (2009) study. Despite
being separated vertically by just millimeters on the same slab, one sample was dominated by
lycopsid and tree fern spores with a significant admixture of cordaitalean pollen, and the other
was dominated by cordaitalean pollen with a significant admixture of lycopsid and tree fern
spores. No conifer pollen was identified in either. Looy et al. (2014b) suggested that the
assemblages dominated by wetland palynofloral elements, particularly lycopsids and
marattialean tree ferns, at a site situated hundreds of kilometers from any known upland
source, recorded the existence of local wetland refugia in an otherwise seasonally dry basinal

landscape.

6.2.2.5. 7-11 Mine, Ohio

McComas (1988) described two mixed macrofloral assemblages from the 7-11 Mine in
northeastern Ohio (Central Appalachian Basin). This locality has been the focal point of
considerable controversy regarding the age of the deposit based on plant fossils, with
implications for the presence of a significant stratigraphic gap in the Appalachian Basin
(Wagner and Lyons, 1997; Falcon-Lang et al., 2011b). Applying updated stratigraphic
interpretations (Easterday, 2004; Belt et al., 2011; Falcon-Lang et al., 2011b), the two floras
are situated within an incised paleovalley filled with lower Conemaugh Group strata that span

both the traditional and revised Desmoinesian-Missourian boundaries (Kosanke and Cecil,



1996), being no older than middle to late Cantabrian. In the lower flora at the base of the
paleovalley fill, McComas (1988) identified a diverse macrofloral assemblage in ironstone
nodules dominated by typical wetland plants, particularly pteridosperms and ferns, but with
scarce lycopsids. However, the lower flora also includes Taeniopteris, Plagiozamites, and
walchian conifers (Wagner and Lyons, 1997), precocious elements generally considered to be
typical of stratigraphically younger, seasonally dry habitats. The upper flora, found higher in
the paleovalley fill, is compositionally distinct from, and less diverse than, the lower flora.
The upper assemblage, which is found in a lacustrine organic shale above a thin, ash-rich coal
and below a marine limestone, contains walchian conifers (Rothwell et al., 1997; Hernandez-
Castillo et al., 2001), common cordaitaleans and sigillarian lycopsids, and rare marattialean
tree ferns, pteridosperms, and sphenopsids.

The composition and high-quality preservation of the upper macrofloral assemblage
described by McComas (1988) suggest that walchian conifers and cordaitaleans occupied the
margins of a water body, with lycopsids colonizing areas of standing water. The paucity of
other wetland plants indicates that the overall landscape was relatively dry. Nonetheless, the
mixed nature and diversity of the lower flora led McComas (1988) and Wagner and Lyons
(1997) to infer that the source vegetation was distributed in a gradational series of edaphic
zones, from poorly drained floodplain and swamp soils, to mesic floodplain soils, to “better-
drained” soils, with the conifers and other xeromorphic elements being allochthonous rather
than drawn from the species pool immediately surrounding the site of deposition. Studies of
plant taphonomy, however, do not support such an interpretation.

Actualistic studies of the origin, transport, and burial of plant remains in modern
settings indicate generally low transport distances in fluvial systems (Ferguson, 1985, 2005;
Spicer, 1989), and demonstrate that most vegetative remains are parautochthonous and drawn
from local sources (Burnham, 1993). Accordingly, given the absence of elevated habitats near
the 7-11 Mine locality during the Pennsylvanian, and considering the size and quality of
preservation of conifer fossils in the upper flora, there is no doubt that these remains were
drawn from the area surrounding the burial site, rather than having been transported from
unsubstantiated “uplands”. Although arguments persist that the conifers occupied slopes
surrounding the paleovalley (e.g., Martino, 2017), observations of modern tropical vegetation
in humid climates suggest otherwise. For example, in equatorial areas of South America,
Africa, and southeast Asia with high and equable rainfall, local elevational variations of
hundreds of meters have limited influence on the content of the local species pool (Foster,

1990; Collinvaux et al., 2000; Anshari et al., 2001; Wittmann et al., 2006; Bush et al., 2011;



Kenfack et al., 2014). Only under strongly seasonal rainfall regimes are elevational effects of
sufficient magnitude to cause significant changes in species composition with small
differences in topography. Studies in the Amazon and Andean regions indicate that moisture
exerts the greatest control on vegetation at lower elevations, whereas temperature becomes
most important at higher elevations (Marchant et al., 2004).

Drawing on these observations of the modern world, if the vegetation at the 7-11 Mine
locality were distributed in a series of edaphic zones, the climate almost certainly would have
been subhumid to semiarid, the conditions needed to exacerbate the effects of relatively small
differences in elevation on soil moisture. However, the excellent quality of preservation of the
conifer remains, those elements that presumably would have lived farthest from the site of
deposition under the “upland model”, conflicts with taphonomic expectations. On the other
hand, if the plant fossils were not derived from zoned vegetation, but rather record local
vegetation that all lived near the burial site, the distribution of which was controlled by habitat
differentiation, the floristic composition again points to subhumid to semiarid climatic

conditions.

6.2.2.6. Rock Lake Shale, Garnett, Kansas

The famous locality at Garnett, Kansas, yields upper Missourian assemblages that are
overwhelmingly dominated by gymnosperms, but include very rare wetland elements (Elias,
1936; Moore et al., 1936; Cridland and Morris, 1963; Winston, 1983). This site and its flora
are highly significant because they played a foundational role in early debate about the matter
of climate vs. elevation and drainage as the primary controls of plant distribution on late
Paleozoic landscapes (see discussion in Section 7.1). The fossiliferous stratum (Rock Lake
Shale) comprises ca. 1.5 m of thinly bedded, calcareous shales with intercalated argillaceous
limestones, and represents the uppermost part of a shallow, incised-valley-fill succession. The
sedimentology and array of terrestrial vertebrates and marine to brackish invertebrates that
accompany the plant fossils reflect deposition on tidally influenced estuarine mudflats (Moore
et al., 1936; Reisz et al., 1982; Feldmann et al., 2005). Lateral equivalence to a widespread
calcic Vertisol points to strong climatic seasonality during channel incision and filling
(Winston, 1983; Joeckel, 1989; Feldman et al., 2005). The macroflora is dominated by
walchian conifers, with cordaitaleans, callipterids, and taeniopterids being subdominant.
Although wetland taxa are present, Winston (1983) reported only a few fragments of
calamitalean, marattialean tree fern, and medullosalean pteridosperm foliage among the 700

specimens he sampled. The microfloral assemblage similarly is dominated by the pollen of



walchian conifers, cordaitaleans, and possibly callipterids, whereas pteridosperm pollen is
uncommon, and tree fern spores are rare (Winston, 1983).

Elias (1936) and Moore et al. (1936) suggested that the dominance of xeromorphic to
mesomorphic elements in the assemblage recorded an interval during which rarely preserved
drought-tolerant vegetation prevailed in basinal lowlands under seasonally dry conditions.
The deposit is intercalated among strata that contain typical wetland floras that flourished
during climatically humid intervals throughout the Pangean tropics, and thus under conditions
more conducive to preservation. In contrast, Cridland and Morris (1963) concluded that the
presence of rare wetland taxa in the assemblage pointed to a humid tropical landscape, with
the predominant dryland elements being transported from better-drained hummocks or upland
habitats in the vicinity of the swampy lowlands. In effect, the Cridland and Morris (1963)
model calls for the vast bulk of the plant remains — the drought-tolerant elements — to have
been transported into the depositional setting, while the wetland vegetation that lived adjacent
to the burial site was scarcely included in the taphocoenosis, supposedly by some quirk of
filtering. The problems with that model are obvious, both from the perspective of taphonomy
and with regard to the idea that drought-tolerant vegetation could live on low-elevation

hummocks in the middle of a vast, wetland landscape.

6.2.2.7. Hamilton Quarry, Kansas

To the west of the Garnett locality, the Hamilton Quarry complex in eastern Kansas, on
the western fringes of west-central Pangea, also yields gymnosperm-dominated macrofloral
assemblages with a rare admixture of wetland taxa, together with a rich biota of marine and
nonmarine invertebrates and vertebrates (Mapes and Mapes, 1988; Cunningham et al., 1993;
Schultze et al., 1993). The age of the channel-fill deposit is controversial, with estimates
ranging from Virgilian based on fusulinids, conodonts, and stratigraphic position (Mapes and
Mapes, 1988) to early Permian based on palynology (Taggart and Ghavidel-Syooki, 1988).
The fossiliferous deposits are 4 to 5 m thick, and consist of a basal limestone conglomerate
overlain by thinly interbedded limestones and calcareous shales that fill a channel eroded into
the lower half of the middle Virgilian Topeka Limestone and underlying Calhoun Shale
(Shawnee Group) (Selley et al., 2005). Deposition clearly occurred close to the coast, with the
incised channel becoming a tidally influenced estuary or lagoon during one or more episodes
of sea-level rise (French et al., 1988; Busch et al., 1988; Cunningham et al., 1993).
Sedimentological indicators for seasonal conditions during channel infilling include abundant

charcoal and reworked caliche nodules in the basal conglomerate (Cunningham et al., 1993),



and alternations in limestone-mudstone couplets between dry (carbonate) and wet (mudstone)
seasons in tidally influenced laminated limestones (Cunningham and Dickson, 1996). A
diverse array of walchian conifers dominates the flora (Rothwell and Mapes, 1988; Mapes
and Rothwell, 1991; Hernandez-Castillo et al., 2001, 2009; Rothwell et al., 2005), although
other taxa include common cordaitalean foliage, diverse callipterids, and rare wetland
elements, particularly calamitaleans and sigillarian lycopsids (Leisman et al., 1988).

The Hamilton Quarry preserves an extreme end-member of mixed floras, being
overwhelmingly dominated by taxa characteristic of seasonally dry habitats, with a small
admixture of wetland elements. In accord with the floristic signature, sedimentological
indicators and the depositional setting evidently point to accumulation under a seasonally dry
climatic regime. As with other, similar deposits that are dominated by dryland taxa, but that
contain a wetland component, the “upland” model would call for the limited wetland elements
to be indigenous and the principal drought-tolerant elements to have been transported into the
site of deposition. Occam’s razor might be employed to good effect in such situations.

We note that the early Permian age determined from palynomorphs (Taggart and
Ghavidel-Syooki, 1988) is difficult to reconcile with the macrofloral content, a reflection of
the fact that Carboniferous and lower Permian plant biostratigraphy is mainly based on the
stratigraphic distribution of wetland plants. This interpretation is one of several examples in
which a microfloral or macrofloral assemblage that consists of xeromorphic plants typical of
seasonal, drought-prone habitats has been considered “Permian” in age, rather than
recognizing the assemblage as a climatically influenced biofacies. Such interpretations have
caused considerable confusion, as documented in debates about the age of specific localities
or successions (e.g., 711 Mine, Ohio, Section 6.2.2.5; Garnet, Kansas, Section 6.2.2.6;

DeLutte-6 borehole, The Netherlands, Section 6.2.4.1).

6.2.3. Central Pangea (Atlantic Canada) (Fig. 7)
6.2.3.1. Boss Point Formation, Cumberland Basin, Nova Scotia

A dryland ecosystem dominated by forests of gigantic cordaitaleans was inferred from
the composition and facies context of log-jam deposits and in situ plant fossils in braided-
fluvial strata of the Lower Pennsylvanian (Yeadonian to lower? Langsettian, middle
Bashkirian) Boss Point Fm. of Nova Scotia (Cumberland Basin) (Ielpi et al., 2014; Rygel et
al., 2015). Based on a detailed sedimentological analysis, the braided-river system accrued
under a regime of highly seasonal precipitation, which resulted in variable flow energies and

volumes. Log accumulations are overwhelmingly dominated by the remains of large



cordaitalean trees, which were interpreted to have occupied most available habitats,
particularly well-drained floodplains, but including raised channel margins and stable in-
channel barforms (mature vegetated islands). Calamitalean groves probably existed in highly
disturbed habitats, including channel margins, crevasse splays, and incipient vegetated
islands. Despite the overall seasonally dry climate, rare trunks of arborescent lycopsids also
occur in the log jams, and the presence of autochthonous stigmarian rhizomorphs in thin
carbonaceous shales indicates that these archetypal wetland plants occupied small patches of
poorly drained floodplain. Surprisingly, the arborescent lycopsids identified (Lepidodendron
sensu stricto and Lepidophloios) involve fossil-genera that existed on the wettest end of the
ecological spectrum of Pennsylvanian wetlands (Phillips and DiMichele, 1992), pointing to
the high degree of habitat partitioning and vegetational heterogeneity that characterizes

seasonally dry environments.

6.2.3.2. Joggins Formation, Cumberland Basin, Nova Scotia

Based on studies of the Lower Pennsylvanian (middle? Langsettian, middle Bashkirian)
Joggins Fm. of Nova Scotia (Cumberland Basin), Falcon-Lang (2003a, 2003b) and Falcon-
Lang et al. (2006) demonstrated that Pennsylvanian wetland and dryland biomes alternated in
tropical basinal lowlands in concert with glacial-interglacial cycles. Oscillating floristic
patterns were interpreted in the framework of transgressive-regressive rhythms, with drainage
conditions linked to base-level changes during eustasy, and climatic fluctuations tied to the
proximity of open-marine waters. Although the authors of this review do not agree on all
aspects of this sequence-stratigraphic model, the results of these studies are nonetheless
transformative.

To precise, gray, coal-bearing strata in the Joggins Fm. contain wetland floral
assemblages dominated by arborescent lycopsids (Calder et al., 2006), whereas all
depositional environments represented in redbed intervals contain low-diversity floral
assemblages dominated by large cordaitalean trees. However, wetland elements also existed
within the dryland biome, including calamitaleans, a small number of pteridosperms, and rare
lycopsids (possibly Sigillaria). The calamitaleans and lycopsids apparently were most
prevalent alongside seasonally active anastomosing channels (Ielpi et al, 2015), which may
have acted as “waterholes” on an otherwise moisture-stressed landscape (Falcon-Lang et al.,
2004). Pteridosperms were interpreted as an understory element in cordaitalean forests that

occupied the floodplains, and as a major component of communities on crevasse splays



adjacent to channel systems. These studies again demonstrate that wetland floras persisted in

localized depositional settings within the background of seasonally dry tropical landscapes.

6.2.3.3. Tynemouth Creek Formation, Cumberland Basin, New Brunswick

In a follow-up to Falcon-Lang’s (2006) study of the Tynemouth Creek Fm. of New
Brunswick (Cumberland Basin), Bashforth et al. (2014) described the distribution of Early
Pennsylvanian (middle to late? Langsettian) vegetation on an environmentally complex,
seasonally dry landscape by combining evidence from sedimentology, paleosols, taphonomy,
and the composition of macrofloral assemblages in facies context. The predominance of
Vertisols in the succession implies that rainfall was highly seasonal. Although the entire
dryland ecosystem was blanketed by a forest of gigantic cordaitaleans, some trees being
preserved in growth position, pteridosperm-dominated communities existed around small
“waterholes” on moisture-deficient distal interfluves. More diverse assemblages of
cordaitaleans, pteridosperms, sphenopsids, lycopsids, and rare enigmatic fossil-taxa (e.g.,
Megalopteris, Pseudadiantites, and Palaeopteridium) occupied landforms within and adjacent
to fluvial channels. No conifer remains were recorded, although their prepollen is relatively
abundant in the succession (Dolby, 1997). This detailed analysis demonstrates the spatial
heterogeneity that existed on tropical Pangean landscapes under regimes of highly seasonal
precipitation, including the presence of local wet microhabitats supporting the sort of clastic-
wetland vegetation that characterizes most of the Pennsylvanian plant-fossil record. Although
Wagner (2001) interpreted the presence of so-called “extrabasinal” elements in the succession
as having been transported from adjacent hinterland habitats, we argue that this stance was
based more on tradition than evidence. By contrast, Bashforth et al. (2014) suggested that
these enigmatic plants existed as scattered elements within the matrix of both wetland- and
dryland-dominated communities in the basinal lowlands, which is in accord with modern

taphonomic studies.

6.2.3.4. Sydney Mines Formation, Sydney Basin, Nova Scotia

In a further examination of the response of Pennsylvanian biomes to climatic changes
that resulted from glacial-interglacial cyclicity, Falcon-Lang (2004a) provided a qualitative
study of the distribution of plant fossils in sequence-stratigraphic context in the upper Middle
Pennsylvanian (middle Asturian to lower Cantabrian) Sydney Mines Fm. of Nova Scotia
(Sydney Basin). As in the Joggins Fm. (Section 6.2.3.2), climatically wetter intervals resulted

in lycopsid-dominated coals and associated gray clastic mudrocks that contain abundant plant



fossils typical of the wetland tropical biome (Calder et al., 1996). In contrast, intervals of
climatic drying were recorded in the fill of incised paleovalleys and overlying redbed
deposits, with calcretes and calcic Vertisols on paleovalley interfluves providing evidence of
seasonal precipitation (Gibling and Bird, 1994; Tandon and Gibling, 1994). Large logs and
charcoal fragments derived from cordaitaleans in paleovalley fills again attest to the
predominance of coniferopsid forests on moisture-stressed tropical landscapes, although the
presence of lycopsid stumps rooted in thin coals between fluvial-channel bodies suggests that
wetland refugia persisted in riparian habitats. Redbed successions overlying the paleovalleys
include rare mixed macrofloral assemblages of cordaitaleans, medullosalean pteridospermes,
sphenopsids, and marattialean tree ferns, whereas the only plant groups represented in
palynological assemblages are tree ferns, cordaitaleans, and rare lycopsids. As interpreted by
Falcon-Lang (2004a), these data indicate that a mixture of dryland and wetland plants
coexisted on seasonally dry landscapes, with the most moisture-dependent groups being

restricted to habitats where water was more readily available.

6.2.4. East-central Pangea (Europe) (Fig. 8)
6.2.4.1. De Lutte-6 borehole, The Netherlands

Van Hoof et al. (2013) described three palynofloras and associated macrofloras from
three disparate lithofacies in the De Lutte-6 borehole of the east-central Netherlands,
encompassing upper Bolsovian to middle Asturian strata (middle Middle Pennsylvanian) of
the Tubbergen and De Lutte formations. The lower palynofloral assemblage was from gray
mudstones situated between thick, multistory channel-sandstone bodies, interpreted to
represent the poorly drained floodplains and interfluves of a braided fluvial system. Although
fragmentary wetland macrofloral elements are present in the mudstones, the palynoflora is
dominated by the pollen of coniferopsids, particularly that attributed to walchian conifers and
enigmatic “ruflorioid” cordaitaleans, together with other cordaitalean pollen and spores of
non-arborescent lycopsids, calamitaleans, and ferns.

The upper palynofloral assemblage was collected from laminated shales situated above
a thick channel-sandstone body and below a caliche-bearing paleosol, interpreted to record a
shallow but extensive floodplain lake that developed after a regional avulsion event on a
seasonally dry braidplain. Wetland macrofloral remains are abundant and well preserved in
the lacustrine strata, yet the palynofloral assemblage again is dominated by the pollen of
drought-tolerant plants, especially conifers, cordaitaleans, and enigmatic pteridosperms, with

less common spores of non-arborescent lycopsids and calamitaleans. These findings



emphasize the incongruity between the composition and proportion of different plant groups
in macrofloral vs. microfloral assemblages collected from the same rocks, and, more
importantly, again demonstrate the proximity of wetland and dryland floras on seasonally dry
landscapes.

In marked contrast, the middle palynoflora studied by van Hoof et al. (2013) was
derived from a coaly shale situated within a thick succession of gray mudstones, interpreted to
record clastic swamp development under humid conditions. The palynological assemblage is
overwhelmingly dominated by miospores typical of tropical wetland vegetation, particularly
calamitaleans, arborescent and non-arborescent lycopsids, and various ferns, whereas pollen
of the drought-tolerant plants seen in the lower and upper assemblages is exceedingly rare.
These data suggest that, during climate modes on the wet end of the spectrum, dryland
vegetation was situated too far from the main depositional sites to be represented in the

macrofloral assemblages via “transport” in fluvial channels.

6.2.4.2. Intramontane (mainly limnic) basins

The absence or rarity of xeromorphic plant remains in plant-fossil assemblages also can
be instructive, especially when evaluating floristic patterns in areas adjacent to uplands. For
example, examination of numerous floras in intramontane basins in Germany (Uhl and Cleal,
2010), the Czech Republic (Oplustil and Cleal, 2007; Bashforth et al., 2011), the Iberian
Peninsula (Wagner and Alvarez-Vazquez, 2010; Correia et al., 2016), and Sardinia (Cleal et
al., 2016) has revealed a conspicuous paucity of conifers or other taxa considered typical of
moisture-stressed substrates, despite the presence of significant topographic relief in the
immediate vicinity. These observations suggest that slope and elevation alone did not create
conditions favorable for the growth of such drought-adapted plants. In fact, even though
seasonal conditions prevailed during the deposition of several of the successions discussed
below, only rare pollen grains or extremely rare macrofloral remains herald the existence of
xeromorphic vegetation, suggesting that these plants may have occupied hinterland habitats
that were far beyond the depositional catchment.

The assumption that elevated habitats always hosted drought-tolerant, so-called
“upland” vegetation, regardless of background climate conditions, remains entrenched in the
literature. This paradigm was perhaps best summed up by Wagner and Alvarez-Vazquez
(2010: p. 305): “[...] it seems surprising that the presence of upstanding relief with alluvial
fan deposits in the Peniarroya Basin (Westphalian) has not led to any conifer finds. There are

also very few conifer records in the Stephanian B of NW Spain, despite the evidence for



palaeovalleys associated with a rugged landscape in the near vicinity of the basin.” We
would argue that such absences reflect the fact that xeromorphic taxa were only present in
significant numbers if climatic conditions, particularly rainfall patterns, were sufficiently
seasonal, both in the depositional basins and adjacent uplands. Here, we detail four examples
of successions deposited within intramontane basins and in the immediate vicinity of elevated

settings, which support our interpretation.

Lower Radnice Member, Central and Western Bohemian Basin, Czech Republic. In a

comparative analysis of paleofloristic patterns in basins within and north of the Variscan
Mountains, Oplustil and Cleal (2007) noted that diversity in the Lower Radnice Mb. (LRM),
Kladno Fm., of the Czech Republic (Central and Western Bohemian Basin) encompasses

139 species, thus being one of the most species-rich units known in the Pennsylvanian tropics.
Long held to be Bolsovian in age, the LRM has been radioisotopically constrained to the
uppermost Duckmantian (Oplustil et al., 2016b), based on the revised geochronology
proposed by these authors. The unit was deposited in a series of narrow, steep-walled valleys
in the heart of a mountain belt, at a proposed altitude of up to 1000 m (Oplustil, 2005a,
2005b), although revised estimates are closer to 500 m (S. Oplustil, pers. comm., Oct. 2020).
As such, the exceptional diversity has been interpreted to reflect the inclusion of species
adapted to growth on elevated valley slopes (Oplustil and Cleal, 2007; Oplustil et al., 2016a).
However, the floral diversity also was amplified by the complex development of the LRM, as
multiple volcanic ash falls briefly interrupted peat accumulation, resulting in unique
depositional and preservational facies. To provide environmental context to the floras
discussed below, we first provide a summary of the succession (Fig. 9), distilled from various
sources (e.g., Masek, 1973; Pesek, 2004; Oplustil, 2005a, 2005b; Oplustil et al., 1999, 2007,
2009a).

The lower part of the LRM comprises siliciclastic strata with thin coals of the Plzen
group. The overlying high-ash Lower Radnice Coal generally is 1 to 2 m thick and contains
numerous siliciclastic partings. A high-energy volcanic eruption resulted in burial of the
precursor Lower Radnice peat swamp by a volcaniclastic unit (“Whetstone Horizon”), which
ranges from a few tens of cm to over 10 m thick and consists of two distinct components. The
lower part comprises ca. 50 cm of tuff (“Bélka” in the Czech literature) that entombs peat-
forming vegetation in growth position (Oplustil et al., 2007, 2009a, 2009b, 2014; Libertin et
al., 2009). In contrast, the upper part of the Whetstone Horizon is a thicker unit of laminated

tuffites (“Brousek™). This facies records the post-eruptive, rapid redeposition of



unconsolidated tephra in lakes that developed under conditions of abundant rainfall, combined
with the subsidence and dewatering of peat beneath the heavy load of ash. Most plant fossils
in these lacustrine tuffites are allochthonous and generally comprise vegetation typical of
Duckmantian wetlands, although a number of enigmatic taxa also are present locally (e.g.,
Ettingshausen, 1852; Némejc, 1928, 1930, 1949; Oplustil et al., 2007, 2016a; Simtinek and
Cleal, 2011, 2016). In particular, these unusual elements are relatively common in laminated
tuffites at the Stradonice locality in the relict Lisek outlier, where the Lower Radnice Coal is
absent, and the Whetstone Horizon rests directly atop bedrock or conglomerates and
sandstones in a number of steep-sided paleoravines (Ettingshausen, 1852; Némejc, 1930;
Starkova et al., 2016). Based on these environmental and taphonomic indicators, many
authors have inferred that such enigmatic taxa were washed in with the unconsolidated
volcaniclastics that blanketed adjacent valley slopes and uplands, habitats that are not
commonly sampled in the fossil record.

Despite the substantial thickness of the Whetstone Horizon, no roots or other evidence
of soil development are present, except at the very top, where the unit is immediately overlain
by the Upper Radnice Coal. This critical observation indicates that the lakes that formed after
burial and dewatering of the underlying Lower Radnice swamp filled rapidly and were short-
lived, and that peat accumulation immediately resumed once the lakes were sufficiently
shallow. Thus, the Whetstone Horizon represents a temporary cessation of peat accumulation,
in essence being a “coal split” (S. Oplustil, pers. comm., Aug. 2018). More importantly, the
humid conditions that were necessary for development of the precursor Lower and Upper
Radnice peat swamps almost certainly persisted during the brief interval when the intervening
Whetstone Horizon was deposited. Therefore, we emphasize the point that all plant fossils
found in the laminated tuffites (Brousek), regardless of their taxonomic affinity, original site
of growth, or inferred habitat preferences, also lived and died under a humid climate mode.

The overlying Upper Radnice Coal ranges from ca. 3 to 14 m thick and consists of
higher quality (lower ash) coal than the Lower Radnice Coal. Several thin, but regionally
correlative, volcanic tuff partings (“opuky”) occur in the coal. As in the underlying Whetstone
Horizon, the bases of these volcaniclastic units preserve peat-forming vegetation in growth
position, whereas a sparse and compositionally distinct suite of allochthonous elements is
present in the upper laminated tuffite component of individual ash falls (Oplustil et al., 2007,
2016a). The Upper Radnice Coal is sharply overlain by a laminated lacustrine mudstone
(“Mydlék™) that records rapid drowning of the peat swamp, above which is an upward-

coarsening lacustrine delta complex. Plant fossils in the Mydlak roof-shale are mainly



allochthonous and compositionally distinct from in sifu remains in the volcanic tuffs (opuky).
Nonetheless, the adpression assemblages in the roof-shale almost exclusively comprise taxa
typical of Duckmantian wetland habitats, and were interpreted as having been transported
from clastic substrates on the lake margins (Oplustil et al., 2016a).

Among the diverse fossil-taxa recorded in the LRM, the largest number of rare species
are sphenopteroid ferns (many being singletons) and pteridosperms (Pesek, 2004; Oplustil and
Cleal, 2007), and thus belong to clades that were characteristic of tropical floras from humid
tropical regimes. However, statistical analyses demonstrate that the limnic intramontane
basins of the Bohemian Massif contained several endemic medullosalean pteridosperms
(Cleal, 2008). This hypothesis was confirmed by subsequent taxonomic studies (Simtinek and
Cleal, 2011, 2016), which showed that the fossil-genus Havlenaea and several fossil-species
of Laveineopteris, among others, were unique to the Variscan intramontane basins. For the
LRM, a critical point is that all of the medullosaleans that are endemic to this unit (Havlenaea
praeovata = Havlenaea coriacea, Havlenaea stradonitzensis, and “Mixoneura”
muensterifolia) are almost exclusively allochthonous elements from laminated lacustrine
tuffites, with nearly all from the Brousek part of the Whetstone Horizon at the Stradonice
locality (Ettingshausen, 1852; Némejc, 1930, 1949; Havlena, 1953; Starkova et al., 2016). As
such, these endemic pteridosperms may have occupied (and been transported from) shallow,
clastic soils on the steep slopes of local ravines. Nonetheless, we reiterate the point that these
plants existed under a humid climatic regime, which is consistent with physiological evidence
for high humidity conditions in their foliar cuticles (Simének and Cleal, 2011). Furthermore,
the macrofloral assemblages that contain these endemic pteridosperms are dominated by
diverse taxa (including ferns, pteridosperms, and cordaitaleans, with rare lycopsids and
sphenopsids) typical of clastic-wetland habitats (Ettingshausen, 1852; Némejc, 1930;
Starkova et al., 2016).

The LRM has also yielded a diverse (albeit generally very rare) suite of enigmatic plant
fossil-taxa, some of which have a “Mississippian” aspect, that traditionally have been
considered more typical of seasonally dry habitats. For example, two families of
noeggerathialeans of progymnospermous affinity, the Noeggerathiaceae and Discinitaceae,
are represented, although their preservational mode and interpreted habitat preferences are
markedly different. Members of the Discinitaceae include the fossil-genera Rhacopteris and
Palaeopteridium (sensu Némejc, 1928, 1937, 1941; Bek and Simuinek, 2005), which, together
with specimens of the presumed progymnosperm “Triphyllopteris” (= Pseudadiantites

according to Wagner, 2001), are best known from the laminated lacustrine tuffite (Brousek) at



the Stradonice locality. Although allochthonous, many specimens are relatively large and
well-preserved (Ettingshausen, 1852; Némejc, 1928; Starkova et al., 2016), suggesting limited
transport from local ravine slopes. We highlight the fact that these enigmatic taxa are found at
the same localities and in the same tuffites as the endemic medullosaleans noted above
(Havlenaea coriacea, Havlenaea stradonitzensis, “Mixoneura” muensterifolia), which
probably also drifted in from adjacent slopes, yet show physiological adaptions to high
humidity.

In the Kladno Coalfield, other rare and poorly preserved examples of Rhacopteris and
Palaeopteridium have been found in the upper laminated (redeposited) tuffite component of
the “Velka opuka”, a prominent volcanic intercalation in the Upper Radnice Coal, whereas
Palaeopteridium has also been recorded in the roof-shale (Mydlak) of the coal (Oplustil et al.,
2016a). In all of these instances, the plants apparently lived under high rainfall conditions,
and taphonomic and sedimentologic indicators imply that they were derived from clastic-
substrate habitats that existed outside of the peat-forming environment. Furthermore,
according to Oplustil et al. (2007), tuffs immediately above the Lower Radnice Coal (Bélka)
have also yielded rare but large specimens of Palaeopteridium (Doubrava locality, Plzen
Basin) and Rhacopteris (Prago Mine, Kladno Coalfield), indicating that some of these
enigmatic taxa occasionally occupied peat swamps.

The other group of noeggerathialeans (Noeggerathiaceae) comprises two whole-plant
species (Noeggerathia foliosa and Noeggerathia intermedia) that are surprisingly abundant at
some levels in the LRM. The vast majority of specimens have been recovered from the Velka
opuka and other volcanic intercalations in the Upper Radnice Coal (Némejc, 1928; Setlik,
1956; Simtinek and Bek, 2003; Oplustil et al., 2016a), especially from localities in the
Kladno-Rakovnik Basin. A taphonomic observation that is difficult to tease from the existing
literature is that most examples of Noeggerathia (including foliage, cones, axes) are found in
the lower tuff component of volcanic intercalations (S. Oplustil, pers. comm., Aug. 2018). In
other words, many of these plants were not transported, but were part of the peat-forming
vegetation that was buried in situ by falling ash (Oplustil et al., 2016a). This interpretation is
consistent with the co-occurrence of Noeggerathia and lycopsids that, based on their
prevalence at the bases of tuffs that directly overlie coal, had a strong preference for peat
substrates, particularly Omphalophloios feistmantelii and Lepidodendron ophiurus (sensu
Némejc, 1947) (gimﬁnek and Bek, 2003; Oplustil et al., 2007, 2009a, 2016a; Bek et al.,
2015). That some noeggerathialeans occupied peat substrates is not without precedent, as

other fossil-genera of these progymnosperms have been reported from lower Permian coals in



Inner Mongolia, China, also having been buried in situ by volcanic ash (Wang et al., 2004,
2009, 2012).

Finally, we draw attention to the extremely rare examples of Dicranophyllum dominii,
the only coniferopsid recorded in the LRM (Pesek, 2004). Being an early conifer-like plant
(Hernandez-Castillo et al., 2003; Rothwell et al., 2005) with physiological attributes that point
to moisture-stressed conditions (Barthel 1977), the fossil-genus Dicranophyllum has
traditionally been considered an archetypal “extrabasinal” plant that occupied well-drained,
elevated habitats (e.g., Wagner and Lemos de Sousa, 1983; Wagner, 2005; Wagner and
Alvarez-Vazquez, 2010). However, nearly complete specimens, essentially entombed in
growth position in volcanic tuffs, have been documented from lowland habitats in the Saar-
Nahe Basin (Donnersberg Fm., lowermost Upper Rotliegend, lower Permian; Barthel et al.,
1998; Barthel and Noll, 1999). Remarkably, the examples of D. dominii described by Némejc
(1929) from the Kladno-Rakovnik Basin were found in tuffs in the Velka opuka in the Upper
Radnice Coal, indicating that the plants grew on a peat substrate and were buried in place by
volcanic ash. Similarly, Oplustil et al. (2016a) recorded rare, in situ examples of D. dominii in
the Velka opuka in the Kladno Coalfield, and a few unpublished specimens have been found
elsewhere in the LRM, always in a tuff horizon within a coal (S. Oplustil, pers. comm., Mar.
2019). Thus, there is strong evidence that at least one species of Dicranophyllum occupied
late Duckmantian peat swamps.

This summary of the floristics of the LRM has yielded important insights into the
complexities of late Paleozoic vegetational distribution in the context of this review:

e The noeggerathialeans and coniferophytes have customarily been considered as classic
indicators of drought-stressed habitats in late Paleozoic ecosystems. However, the
environmental and taphonomic contexts of occurrences of these plants in the LRM
present a cautionary tale against making overarching assumptions about the ecological
preferences of these (or any other) plant groups. In particular, at least during the late
Duckmantian, two species of Noeggerathia and one species of Dicranophyllum
apparently occupied peat substrates, and co-existed with more typical vegetation in
swamps that could only have formed under high, weakly seasonal to aseasonal rainfall
conditions;

¢ A unique suite of taxa, including several progymnosperms (e.g., Rhacopteris,
Palaeopteridium, Pseudadiantites) and a few endemic medullosalean pteridosperms
(e.g., Havlenaea, “Mixoneura’), are almost exclusively preserved as allochthonous

elements, especially in laminated lacustrine tuffites. Crucially, these taxa, although



always rare, consistently are far more common close to pre-existing topographic highs,
especially in the steep-sided ravines at the Stradonice locality and adjacent to
paleovalley slopes elsewhere. These observations leave little doubt that topographic
relief and elevation played a role in the distribution of these enigmatic plants, and a
reasonable conclusion is that they generally inhabited the shallow, clastic soils of local
ravine and valley slopes. Nonetheless, we consider this suite of taxa to simply represent
a subset of the wetland vegetation in the LRM, as they existed under a humid climate
mode and occur as rare elements in macrofloral assemblages that are otherwise
dominated by Duckmantian plants typical of clastic-substrate habitats. Furthermore,
most of these plants are derived from lineages that are ecologically centered in wetland
habitats;

Despite being deposited in narrow paleovalleys bounded by pronounced topographic
relief, to date no macrofloral remains of xeromorphic conifers or similarly drought-
tolerant taxa have been recovered from the LRM. We note that rare conifer pollen
(Potonieisporites) has been recorded in gray claystones and carbonaceous mudstones at
the Stradonice locality (Starkova et al., 2016), although the source-plant of this pollen is
unknown. Regardless, to interpret the rare examples of Rhacopteris, Palaeopteridium,
and Pseudadiantites as xerophytes, while interpreting all of the other, dominant taxa
with which they are found as hygrophytes or mesophytes, would be incompatible with
how vegetation is distributed in the modern tropics under (per)humid conditions.
Accordingly, the plant-fossil record of the LRM indicates that, during intervals of
humid climate, slope and elevation alone did not cause significant vegetational
differentiation into a wetland flora in poorly drained lowlands and a seasonally dry flora

on adjacent “well-drained” uplands.

Nviany Member, Central and Western Bohemian Basin, Czech Republic. Bashforth et al.

(2011) reconstructed plant communities on a late Asturian to middle Cantabrian (late Middle

Pennsylvanian to early Late Pennsylvanian; sensu Oplustil et al., 2016b) braided-river plain,

recorded in the Nyrany Mb. (Kladno Fm.), which disconformably overlies the Radnice Mb. in

the Czech Republic (Oplustil et al., 2005; Lojka et al., 2016). Although clusters of coal seams

occur at intervals within the Nyfany Mb., coarse-grained, fluvial strata predominate at the

four main localities studied, with plant fossils quantified from facies interpreted as mainstem

and minor abandoned channels, ponds on variably drained floodplains, and shallow lakes.

Sedimentological indicators point to conditions of weakly to moderately seasonal



precipitation during deposition of all beds sampled. Although the dendritic, steep-sided
paleovalleys that characterized Duckmantian to Bolsovian times were largely filled by the
Radnice Mb., numerous emergent topographic highs still existed during accumulation of the
Nytany Mb., indicating that the braidplain frequently abutted elevated habitats.

Despite the proximity of upland environments, all of the nearly 12,500 identifiable plant
fossils quantified by Bashforth et al. (2011) represent typical wetland taxa (lycopsids,
sphenopsids, ferns, and pteridosperms) that dominated all landforms on the braided-river
plain. The only exception is the large-statured cordaitaleans, interpreted as having occupied
stable and better-drained channel margins, an interpretation complemented by palynological
analyses from nine beds, which corroborate the common presence of cordaitaleans on the
braidplain (2-20%). However, rare pollen of walchian conifers (1-2%) and peltasperms (0—
7%) also were recorded in some beds, indicating that such drought-tolerant taxa existed
somewhere on the landscape, either as scattered elements on the braidplain or in more distant
hinterland habitats. That such plants were present is reinforced by previously documented,
extremely rare finds of macrofloral remains in the Nyfany Mb., including taeniopterid-like
foliage that Obrhel (1965) identified as Pterophyllum and Ilfeldia lobecensis (= Ovulepteris
lobecensis of PSenicka et al., 2017), fragments of Lesleya leaves (Siminek, 1996), and poorly
preserved conifer twigs (Setlik, 1975). Nonetheless, given the juxtaposition of elevated
habitats with the braided-river plain, the numbers of pollen and macrofloral remains of
drought-tolerant taxa are conspicuously lower than would be predicted by the “upland
model”. If slope and aspect, and implied drainage effects, controlled the distribution of such

plants, these taxa should be far more common in the Nytany Mb.

San Giorgio Basin, Sardinia. Cleal et al. (2016) provided a taxonomic, biostratigraphic, and

paleoecologic analysis of upper Asturian or Cantabrian (upper Moscovian) macrofloral
remains from the limnic intramontane San Giorgio Basin, southwestern Sardinia. A product of
late Variscan extension, the small (ca. 3 km?) San Giorgio Basin was filled by about 45 m of
primarily coarse-grained strata (San Giorgio Fm.), including fluvial conglomerates and
sandstones and debris-flow breccias derived from rapid erosion of lower Paleozoic bedrock in
the immediate vicinity (Del Rio et al., 2002; Barca and Costamagna, 2003). However, beds of
dolostone, dolomitic siltstone, and plant-fossil-bearing carbonaceous mudstone occur more
frequently in the middle of the succession, interpreted to record an interval of reduced
subsidence characterized by lacustrine and lagoonal(?) environments with limited sediment

input (Barca and Costamagna, 2003: Marchetti et al., 2018).



The plant fossils studied by Cleal et al. (2016) were collected over a period of 20 years
from six different lithofacies, five from lacustrine mudstones and one from fluvial sandstone.
All plant remains represent typical wetland plants, except for a single putative
noeggerathialean cone (although, as noted in Section 6.2.4.2, some members of this group
also occupied wetland habitats). The lacustrine deposits are overwhelmingly dominated by
calamitaleans, with subordinate ferns and pteridosperms, although the latter groups are more
common in a bed immediately below the thick fluvial conglomerate that caps the basin-fill
succession. The fluvial sandstone lithofacies is represented by single occurrences of fern and
pteridosperm(?) foliage and a cordaitalean pith cast. Based on the proportions of plant groups
in the different lithofacies, Cleal et al. (2016) proposed that habitat partitioning existed on the
landscape: calamitaleans dominated the wettest substrates around lake margins, ferns and
pteridosperms preferred slightly better-drained wetland habitats, and even more distal
(inferred to be well-drained) riparian settings were occupied by cordaitaleans and
pteridosperms. Although largely in agreement with this paleoecological interpretation, we
reiterate that the idea that substrate conditions necessarily became increasingly better-drained
in concentric rings away from the basin floor is at odds with vegetational distribution in
modern humid tropical regions.

Of particular relevance in the context of this review, prior paleobotanical studies in the
San Giorgio Basin emphasized the presence of walchian conifer remains in macrofloral
assemblages (e.g., Novarese, 1917; Novarese and Taricco, 1923; Cocozza, 1967).
Unfortunately, none of these specimens were illustrated (C.J. Cleal, pers. comm., Aug. 2017),
but we assume that they were correctly identified because conifer pollen is present in some
palynological assemblages in the basin (Del Rio, 1973; Del Rio and Pittau, 1999; Pittau and
Del Rio, 2002; Pittau et al., 2008). Cleal et al. (2016: p. 11) wrote: “We have seen no
macrofloral evidence of conifers from this basin, either in our collection or in the published
literature [...] Given that the San Giorgio Basin was so small it would not be surprising to
find the occasional conifer fragment from extra-basinal vegetation that had found its way into
the depositional system here; this would have neither stratigraphical nor palaeoclimatic
significance.” Indeed, given the exceptionally small size of the depocenter (ca. 3 km?), and
conclusive evidence that exposed bedrock slopes existed in the immediate vicinity during
much of its development, the San Giorgio Basin presents an ideal natural laboratory to test the
validity of the “upland model”. If late Paleozoic vegetation were simply organized along a
gradient controlled by elevation and implied drainage effects, and if the presence of

xeromorphic taxa in lowland deposits could be explained by transport from extrabasinal



habitats, then conifers and other drought-tolerant elements should have been well-represented
in the floras examined by Cleal et al. (2016). The fact that they are not present suggests that
other factors, especially climate, influenced the spatial and temporal distribution of vegetation
types. Furthermore, the paucity of drought-tolerant taxa in the San Giorgio Basin stands in
direct contrast with their occurrences at several localities in North America described above,
where there was no upstanding relief within hundreds of kilometers. These situations are
essentially the reverse of what would be expected when viewed through the lens of the
“upland model”: the deposits of flatlands should not contain drought-tolerant plants, but do,
whereas intramontane paleovalleys should, but do not.

The middle part of the San Giorgio Fm. comprises relatively fine-grained strata, and
lithological changes through this middle section may record a shift in climatic conditions. The
thin, buff-colored, ichnofossil-bearing beds of (marginal) lacustrine dolostone and dolomitic
siltstone that characterize the lower part of the formation bear the hallmarks of climatic
seasonality, namely changes in the distribution of terrestrial ichnofacies due to rapid
fluctuations in lake level and periodic subaerial exposure (Marchetti et al., 2018). In contrast,
the upper part of the middle section of the formation is characterized by gray, plant-fossil-
bearing carbonaceous mudstones, probably the product of sustained lacustrine development
under more humid conditions. The thick package of fluvial conglomerates and sandstones at
the top of the San Giorgio Fm. may represent a return to more seasonal conditions as the basin
filled.

That the macrofloral assemblages documented by Cleal et al. (2016) comprise typical
wetland taxa is not unexpected, as they were almost exclusively collected from the gray,
lacustrine mudstones that presumably accumulated under relatively humid conditions. Under
this climate mode, wetland vegetation probably also extended up the basin slopes, which
would explain the absence of conifers and other drought-tolerant taxa in their macrofloral
assemblages, despite the proximity to elevated habitats. In contrast, the conifer remains
recorded by previous authors may have been collected from strata that were deposited during
intervals of increased seasonality, when the dryland biome dominated both the basinal
lowlands and basin-margin settings, with scattered pockets of wetland vegetation in low-lying
areas. Although we suspect that biome distribution in the San Giorgio Basin was primarily
controlled by climate, the validity of this hypothesis awaits the discovery of additional conifer

remains in facies context.



Sao Pedro da Cova region, Douro Basin, Portugal. Correia et al. (2016) documented the

depositional and environmental context of wetland-dominated macrofloral assemblages from
Upper Pennsylvanian (lower Gzhelian, lower Stephanian C) fluvio-lacustrine strata in the Sao
Pedro da Cova region of the limnic intramontane Douro Basin, northwestern Portugal.
Recovered from seven distinct beds of micaceous shale in a 4 m-thick succession, the
taphocoenoses mainly comprise ferns, pteridosperms, and cordaitaleans, whereas sphenopsids
are less common. However, rare leaves of Lesleya, a fossil-genus typically associated with
Early Pennsylvanian seasonally dry settings, were found at two discrete horizons. An
important observation that is difficult to extract from the study is that two distinct types of
macrofloral assemblage occur in the thin interbeds that make up a single fossiliferous shale
unit (P. Correia, pers. comm., July 2018). Most interbeds preserve typical wetland plants
(ferns, pteridosperms, sphenopsids), whereas others are overwhelmingly dominated by poorly
preserved Cordaites leaves. The specimens of Lesleya were collected from two of the
Cordaites-dominated horizons, suggesting that the cordaitalean foliage may have been
derived from the type of high-statured trees that were adapted to periodically moisture-
stressed habitats. That compositionally distinct taphocoenoses, one comprising a wetland flora
and the other a dryland flora, are interbedded at such a fine scale points to a strongly
compartmentalized vegetational mosaic, which is typical of riparian habitats under seasonal
conditions. Although both wetland- and dryland-dominated communities coexisted on the
same landscape, wetland vegetation was more frequently sampled during individual
storm/flood events, a consequence of the taphonomic and preservational bias against
landforms with seasonal moisture deficits. A similar example of bed-to-bed differences in
species pools at the outcrop scale was documented in the Gzhelian (Virgilian) Markley Fm. of
north-central Texas (see Section 6.3.1.1).

In an earlier paleobotanical summary of the Douro Basin, Wagner and Lemos de Sousa
(1983) noted the presence of rare walchian conifers, taeniopterids (PSenicka et al., 2017), and
dicranophylls among wetland-dominated assemblages, and considered these taxa to have been
transported from elevated (i.e., “well-drained”) habitats that flanked the narrow basin. In
keeping with the earlier interpretations of Wagner and Lemos de Sousa (1983), Correia et al.
(2016) acknowledged that the Lesleya leaves at their locality could record the vegetation from
localized well-drained habitats in a landscape that was otherwise subjected to humid climatic
conditions. However, they proposed (correctly, in our opinion) that the presence of these
drought-tolerant elements was more likely a consequence of seasonal conditions having

prevailed at intervals in the intramontane basin. Furthermore, if predictions from the “upland



model” were to hold, these xeromorphic elements should be far more common, given the

proximity of rugged slopes in the catchment area of the narrow basin.

6.3. Pennsylvanian-Permian transition

Across equatorial regions of Euramerican Pangea, the Pennsylvanian-Permian transition
generally is expressed in a similar manner. A trend toward increasing aridity, which can be
determined on the basis of physical indicators such as paleosols and depositional facies,
coincides with broad floristic changes through the interval. Overall drying was superimposed
on a pattern of continuing cyclicity, although wetter phases of the cycles generally were drier
than those that occurred during the peak peat-accumulating intervals of the Middle and Late
Pennsylvanian. Likewise, drier phases shifted from being moist subhumid to variably dry
subhumid to semiarid, and, in westernmost Pangea, even arid (Table 1). As the landscape
became drier, an increase in mixed floras ensued, even in the wettest phases of cycles in some
parts of the tropics (DiMichele et al., 2020). However, there remained considerable variability
in edaphic conditions in different regions, depending on the particular circumstances of

location, elevation, physiography, and proximity to the ocean (Roscher and Schneider, 2006).

6.3.1. Western Pangea (western USA) (Fig. 6)

The spatio-temporal relationship between dryland and wetland vegetation of tropical
Pangea was explored at various scales in the uppermost Pennsylvanian to lowermost Permian
Markley Fm. on the eastern shelf of the Midland Basin in north-central Texas (Tabor et al.,
2013a, 2013b; Looy and Hotton, 2014; Xu et al., 2018). The formation is wholly terrestrial
and accumulated on a fluvially dominated coastal plain (Tabor et al., 2013a). Plant-fossil-
bearing exposures consistently comprise the following sequence (from base to top): (i) a
paleosol (Ultisol) that developed on low-relief interfluves under predominantly humid
conditions with limited seasonal dryness; (if) a unit of kaolinite-dominated siltstones that fill
scours on the paleosol surface, the product of local erosion of the paleosols themselves; (iii) a
unit of carbonaceous shales (locally grading into high-ash coals) that contain thin, lensoid
claystone partings, representing the accumulation of organics in a swamp that was
occasionally traversed by small channels; (iv) an upward coarsening unit of interbedded
mudstones and sandstones, with increasing paleosol content upwards, recording the transition
from aggradation on distal floodplains to sites adjacent to meandering-river channels; and (v)
a sandstone channel-body with an erosive base, representing an active-channel belt on the

coastal plain.



Despite the fact that collections were made at 18 localities in a transect across four
counties, each of these distinct lithofacies consistently yielded a compositionally unique suite
of macrofloral and microfloral remains. The kaolinitic siltstones preserve dryland-dominated
assemblages characterized by Sphenopteris germanica and walchian conifers, together with a
rare admixture of wetland taxa (especially pteridosperms and calamitaleans). In contrast, the
immediately overlying organic-rich lithofacies with claystone partings is overwhelmingly
dominated by wetland taxa, particularly Macroneuropteris scheuchzeri, but including other
pteridosperms, sphenopsids, marattialean ferns, and lycopsids. Upward coarsening packages
of mudstone and sandstone also are dominated by wetland assemblages, although S.
germanica occurs locally near the top of some floodplain units. The uppermost channel
sandstones contain rare identifiable plant fossils, of which Cordaites leaves are characteristic.

These bed-by-bed macrofloral analyses demonstrate sharp contrasts between the
composition, areal extent, and habitat preferences of the wetland and dryland biomes at
outcrop scales in tropical Pangea. That ecotonal boundaries generally were pronounced is
supported by palynological analyses, with the kaolinitic siltstones being dominated by
drought-tolerant taxa and the overlying organic-rich units dominated by wetland elements.
However, a detailed palynological analysis through a single cycle in the Markley Fm. found a
transitional zone on the landscape, occurring between a changeover from the dryland- to
wetland-dominated floras, interpreted as recording fragmentation of the prevailing drought-
tolerant vegetation as edaphic conditions became wetter (Looy and Hotton, 2014).

The evidence for sharp ecotonal boundaries between wetland and dryland communities
in the Markley Fm. contrasts with the greater mixing of elements seen in successions that
span the Pennsylvanian-Permian boundary in the Variscan Mountains of the Czech Republic
and Germany, or on the Iberian Peninsula (see Section 6.3.2). Such differences may be related
to the fact that the eastern shelf of the Midland Basin in north-central Texas was a much
greater distance from elevated terrain than were basinal areas in the limnic intramontane
basins of Europe. Under a climatic regime that witnessed oscillations between wetter and
drier (and overall increasingly drier) conditions, areas with more topographic variability may
have harbored periodically drought-stressed dryland communities in closer proximity to
wetland habitats, the effects of seasonal moisture limitation being magnified in such

mountainous terrain.

6.3.2. East-central Pangea (Europe) (Fig. 8)

6.3.2.1 Iberian Peninsula survey



Wagner and Alvarez-Vazquez (2010) presented a comprehensive summary of floristic
changes on the Iberian Peninsula, including during the Pennsylvanian-Permian transition, and
provided an evaluation of the floral response to temporal changes in climate and topographic
relief due to ongoing orogenesis. The Pennsylvanian-Permian interval is characterized by
mixed floras that include hygromorphic (particularly calamitaleans, marattialean and
filicalean ferns), mesomorphic (especially medullosalean pteridosperms) and even more
drought-tolerant, xeromorphic (walchian conifers, callipterids, taeniopterids) taxa. The
authors attributed floral compositions to a combination of climate and elevational
heterogeneity. More xeromorphic elements (particularly the conifers) were interpreted as
having been transported to depositional sites from “hinterlands”, whereas the overall trend
towards the seasonal aridity that characterized the Permian promoted the juxtaposition of taxa
that required wet edaphic conditions and those tolerant of periodically low soil moisture.

Based on the taphonomic analysis of modern floral assemblages (see Section 5), the
quality of preservation and relative abundances of the xeromorphic taxa in the Iberian plant-
fossil assemblages imply shorter transport distances than those proposed by Wagner and
Alvarez-Vazquez (2010). A more probable explanation is that these elements lived in close
proximity to wetland communities in the depositional basins. In addition, given the relatively
small geographic area under consideration, the entire region probably would have been
subjected to whatever climatic regime existed at any given time. Although microclimatic
differences certainly may have existed, such edaphic heterogeneity would have become
accentuated as the regional climate became more arid. We also repeat the observation made
by Wagner and Alvarez-Vazquez (2010) that, despite marked elevational heterogeneity in the
region during the late Middle Pennsylvanian and early Late Pennsylvanian, conifers are
conspicuously absent in the basinal floras. This implies that, during intervals of widespread
humid climate, elevation alone did not cause the soil-moisture deficits necessary to support a

distinct dryland biome/species pool.

6.3.2.2. Boskovice, Intra-Sudetic and other basins, Czech Republic

Simtinek and Martinek (2009) summarized compositional changes in macrofloral
assemblages through Upper Pennsylvanian to lower Permian strata in the Boskovice Basin of
the southeastern Czech Republic; Oplustil et al. (2017b) provided a radioisotopically
constrained analysis of the same succession. Upper Pennsylvanian rocks deposited under
relatively wet conditions are dominated by typical Late Pennsylvanian wetland taxa,

especially marattialean tree ferns, sphenopsids, and filicalean ferns, with rare medullosalean



pteridosperms and cordaitaleans. Aside from the cordaitaleans and perhaps some
medullosaleans, none of the plant fossils are characteristic of seasonally dry floras. However,
xeromorphic taxa, including walchian conifers, callipterids, and a greater proportion of
cordaitaleans, begin to appear in lower Permian rocks, in concert with sedimentological
indicators of climatic seasonality. Although the early Permian landscape was overall drier,
localized habitats with sufficiently high water tables supported wetland floras dominated by
calamitaleans and marattialean tree ferns.

Oplustil et al. (2013b) expanded the scope of analysis of floristic patterns across the
Pennsylvanian-Permian transition in the Czech Republic by examining the plant-fossil record
at various sites, most recently in the Intra-Sudetic Basin (Oplustil et al., 2017a). The same
general pattern seems to hold: wetland and dryland macrofloral assemblages and
corresponding depositional environments oscillate and intercalate through time, with a
general trend towards aridization. Importantly, although wetland habitats that existed on the
Late Pennsylvanian landscapes supported largely unmixed and typical wetland floras, small
numbers of walchian conifers, cordaitaleans, callipterids, and various pteridosperms began to
appear in early Permian wetland environments, a consequence of increased seasonality of
moisture distribution. We emphasize that the compartmentalization of the landscape and
increased frequency of occurrence of drought-tolerant elements across the Pennsylvanian-
Permian boundary did not coincide with changes in tectonic regime or the proximity of
elevated terrain, but rather reflects an overall shift to relatively drier climatic conditions

across the Bohemian Massif.

6.3.2.3. Rotliegend Group, Saar-Nahe Basin, Germany

In compiling the distribution and composition of floral assemblages in the Rotliegend
Group in the Saar-Nahe region of southwestern Germany, Kerp and Fichter (1985) provided
comprehensive lists of fossil-taxa found at specific sites and summaries for major
lithostratigraphic units. Nearly all of the floras comprise a mix of xeromorphic (conifers,
callipterids) and hygromorphic (calamitaleans, marattialean ferns) elements, whereas
mesomorphic pteridosperms (e.g., Odontopteris) and small ferns are less common, and the
arborescent lycopsid Sigillaria is rare. Walchian conifers and callipterids have an effectively
universal presence throughout the succession, and both groups are represented by a number of
fossil-taxa at most localities; the degree of diversity is particularly evident after Kerp and
Haubold (1988) segregated a number of new callipterid genera from the former Callipteris.

The presence of calamitaleans and, to a lesser extent, marattialean tree ferns, is consistent



with their occurrence in most mixed assemblages in the Pangean tropics, and both groups
occasionally are very diverse, particularly in the Lower Rotliegend Group. Although Kerp and
Fichter (1985) did not provide sedimentological details for each locality, the Saar-Nahe
region was situated on the northern flanks of the Variscan Mountains, and Kerp (1996)
suggested that the composition and distribution of the vegetation may have been strongly
influenced by the elevational heterogeneity of the landscape.

Supplementing the paleobotanical record of the Saar-Nahe Basin, Uhl and Jasper (2016)
provided details of macrofloral assemblages from the Remigiusberg Fm., the lowest
lithostratigraphic unit in the Lower Rotliegend Group. Plant fossils were collected from
fluvio-lacustrine strata at two localities in the upper part of the formation, and either are late
Gzhelian (latest Pennsylvanian) or early Asselian (earliest Permian) in age (Boy and
Schindler, 2000; Roscher and Schneider, 2005). At one site, calamitaleans and marattialean
tree ferns, typical wetland elements, are overwhelmingly dominant in gray lacustrine
claystones, whereas callipterids and Sphenopteris germanica, taxa characteristic of seasonally
dry habitats, are rare. Calamitaleans and tree ferns also are present at the second locality in
interbedded gray and red siltstones and claystones (fluvial overbank deposits?), although the
fact that sphenophytes predominate in gray beds and are nearly absent in the fern-dominated
red beds points to habitat partitioning among the wetland communities.

Despite the prevalence of wetland plants in the macrofloral assemblages, palynological
data from the Remigiusberg Fm. record abundant pollen derived from mesomorphic and
xeromorphic taxa (including walchian conifers). Boy and Schindler (2000) suggested that this
influx resulted from the dispersal of drought-tolerant plant communities from “hinterland”
habitats into basinal lowland settings, where they predominated over and/or replaced wetland
vegetation. In contrast, Uhl and Jasper (2016) explained the incongruence between the
macrofloral and microfloral records in a taphonomic context. They hypothesized that wetland-
dominated riparian environments in the lowlands acted as a barrier that prevented most
mesomorphic (e.g., callipterids and Sphenopteris germanica) and all xeromorphic (e.g.,
walchian conifers) macroplant remains from reaching sites of potential preservation, whereas
this buffer was ineffective against their highly transportable palynomorphs. We agree with
their interpretation, and note that a similar pattern was recorded in an actualistic study of plant
preservation in the Orinoco Delta of Venezuela (Scheihing and Pfefferkorn, 1984).

Although we acknowledge that densely vegetated riparian corridors may have
blockaded plant remains from non-wetland habitats, we would modify the interpretation of

Uhl and Jasper (2016) that wetland communities in the basinal lowlands existed under a



“humid” climate state, while dryland communities from farther afield prevailed
simultaneously under “seasonal” conditions. We suggest that, during any given time slice, the
entire Saar-Nahe Basin would have experienced the same climate. However, if the climate
were seasonally dry, differences in drainage conditions across the landscape would have been
magnified, depending on substrate characteristics in various habitats. By contrast, we reiterate
that a humid climate would have masked most of these elevational differences. The
occurrence (albeit rare) of callipterids and Sphenopteris germanica, and the abundance of
pollen derived from mesomorphic and xeromorphic plants, imply that the Remigiusberg Fm.
largely accumulated under seasonally dry conditions. As proposed by Uhl and Jasper (2016),
sphenophytes and tree ferns were restricted to poorly drained riparian wetlands, where
preservational potential was highest. However, the dryland biome probably dominated most
habitats in the basin, with the distribution of various plant groups tracking local edaphic

conditions.

6.4. Early Permian
6.4.1. Western Pangea (western USA) (Fig. 6)
6.4.1.1. Paradox Basin, Utah

DiMichele et al. (2014) described lower Permian (Wolfcampian) mixed floras from the
Paradox Basin in southeastern Utah, situated in far western Pangea. The Halgaito Fm. was
sampled in the Valley of the Gods and Lime Ridge areas, and the Cedar Mesa Fm. near Indian
Creek. The assemblages were interpreted as representing vegetation that existed during
pluvial intervals within an otherwise strongly xeric climate regime. The redbed-dominated
successions primarily consist of sandstones deposited as eolian dunes, siltstone loessites,
gypsum, and interspersed paleosols indicative of overall arid conditions (Tabor et al., 2008;
Jordan and Mountney, 2012). However, poorly preserved plant remains occur in thin
depositional facies that record relatively wetter riparian habitats, including small, shallow,
sandstone channel bodies and interbedded siltstones and sandstones that accumulated on
floodplains. A spectrum of macrofloral assemblages exists, ranging from those dominated by
walchian conifers with subordinate calamitaleans, to those dominated by wetland plants
(especially calamitaleans and tree ferns, with rare sigillarian lycopsids and pteridosperms)
with scattered walchian conifers, to those almost exclusively comprising tree ferns. These
macrofloral assemblages exemplify the high degree of patchiness that existed on tropical
landscapes in strongly seasonally dry climate regimes. Wetland plants were common to

dominant in riparian settings where moisture availability was greatest, and drought-tolerant



vegetation prevailed in interfluve environments, as well as flanking and encroaching on

shallow fluvial channels.

6.4.1.2. Carrizo Arroyo, New Mexico

The Carrizo Arroyo flora from central New Mexico (Tidwell and Ash, 2004) is similar
in preservational quality to the more widely known assemblages from the Upper
Pennsylvanian Kinney Brick Company Quarry, Garnett, and Hamilton Quarry localities
described above (Sections 6.2.1.2, 6.2.2.6, and 6.2.2.7, respectively). Collected from the Red
Tanks Mb. of the Bursum Fm., the age of the plant-fossil-bearing strata is close to the
Pennsylvanian-Permian boundary (DiMichele et al., 2004a), with Lucas et al. (2013a) settling
on an earliest Permian (lower middle Asselian) age for the bed described by Tidwell and Ash
(2004). The flora is accompanied by diverse invertebrate and vertebrate remains (Lucas et al.,
2013a), and laterally adjacent, contemporaneous paleosols with pedogenic carbonate
(calcrete) nodules demonstrate accumulation under a strongly seasonally dry climate (Krainer
and Lucas, 2004). The frequent occurrence of shallow marine limestones in the Red Tanks
Mb. points to the proximity of open marine conditions on the coastal plain. The mixed
macrofloral assemblage includes diverse and abundant plant-fossil taxa typical of seasonally
dry habitats, including walchian conifers, callipterids, cordaitaleans, taeniopterids,
Sphenopteris germanica, and noeggerathialeans. However, rare and fragmentary remains of
medullosalean pteridosperms, calamitaleans, and sigillarian lycopsids also are present,
although marattialean tree ferns, a common representative of wetland elements in most mixed
assemblages, are conspicuously absent (Tidwell and Ash, 2004). The Carrizo Arroyo flora is
compositionally similar to that found in the lower Abo Fm. of early Permian age, described
below (Section 6.4.1.3). Although the coastal plain was dominated by plants typical of
seasonally dry environments, a small, persistent admixture of wetland plants that required

higher soil-moisture conditions also existed on the same landscape.

6.4.1.3. Spanish Queen Mine, Abo Formation, New Mexico

Lucas et al. (2012) described a macrofloral assemblage of Wolfcampian (middle
Asselian) age from the lower part of the Abo Fm. in the Jemez River Canyon, north-central
New Mexico. The fossiliferous deposit, once exposed in the long-closed Spanish Queen
(copper) Mine, comprises a 4 m thick sandstone body that contains numerous scours filled by
finely laminated, micaceous siltstone, some of which bear dense accumulations of plant

remains and abundant comminuted plant debris. The depositional environment was



interpreted as a braided stream, with organic-rich siltstones recording the burial of plant
remains during waning phases of flooding. Thus, stream discharge was variable and generally
carried a high sediment load, suggestive of seasonality of rainfall. The gymnosperm-rich flora
1s dominated by several species of conifers and callipterids, the medullosalean pteridosperm
Neurodontopteris auriculata, and various taeniopterids. However, the collection also contains
rare and fragmentary remains of marattialean ferns and calamitaleans, demonstrating the
persistence of these plant groups on western Pangean landscapes far from widespread
wetlands.

This lower Permian example repeats a floristic pattern found elsewhere in the tropical
realm, including at several of the Pennsylvanian-aged sites described above, such as the
Garnett and Hamilton Quarry localities in Kansas (Sections 6.2.2.6 and 6.2.2.7), and from
below the Minshall Coal in Indiana (Section 6.2.2.3). The dominant elements in these
macrofloral assemblages are xeromorphic, drought-tolerant taxa, among which are small (but
persistent) admixtures of plants typical of wetlands, particularly marattialean ferns and
calamitaleans. It seems untenable to argue that the dryland elements were transported into the
midst of a wetland flora, and then came to represent both the overwhelmingly dominant and
best-preserved specimens in the macrofloral assemblages. An alternative interpretation, which
we argue is equally unsupportable, is that the rarer wetland elements were transported from
extrabasinal wetlands into seasonally dry lowlands, and that elevation, in this instance,

created wetter conditions than were found in basinal settings.

6.4.1.4. Other localities in the Abo Formation, New Mexico

Many other macrofloral assemblages have been collected from the lower Wolfcampian
to lower Leonardian (middle Asselian to upper Artinskian) Abo Fm. over a wide area of
central New Mexico. Most localities involve redbed-dominated successions that mainly
comprise mudstones and sheet sandstones with splay-like architectures (Lucas et al. 2013c).
Many mudstones exhibit a pedogenic overprint and contain carbonate nodules, indicative of
well-drained and seasonally dry conditions (Mack et al., 2010). Most floras from the Abo
redbeds are consistently dominated by isolated branches of walchian conifers and, locally, the
peltasperm Supaia (Hunt, 1983; DiMichele et al., 2007, 2012, 2013b). However, over
30 assemblages have been collected from gray siltstones and shales at several localities,
mainly in lower parts of the Abo Fm. Although macrofloral assemblages in these gray rocks
also are dominated by conifers, they contain far fewer supaiaoids and greater numbers of

cordaitaleans. In addition, the proportion of callipterids is similar to that of the medullosalean



pteridosperms, which are relatively diverse and generally include taxa that are typical of
mesic rather than hydric habitats. Calamitaleans and marattialean foliage also are much more
abundant in the gray beds. The relative rarity of supaiaoids and increased abundance of
wetland elements in the gray beds suggest that compositional differences between the gray
and red lithofacies are not the result of some overarching taphonomic bias. Rather, the
contrast probably reflects different degrees of habitat and vegetational heterogeneity on the
original landscape, with plants that required high soil moisture living in close proximity to

those capable of surviving periodic drought.

6.4.1.5. Localities of David White in the western USA

White (1912) described a number of small, mixed floras from various areas in western
Pangea. These Upper Pennsylvanian to lower Permian macrofloral assemblages have been
underappreciated because the fossils were not illustrated; only taxonomic lists were provided.
In addition, little sedimentological information was given to help interpret the depositional
environments, and the stratigraphic provenance and stated geological ages of many sites are
suspect. Nonetheless, the collections, some of which are stored at the National Museum of
Natural History (NMNH) and are available for examination, provide rare examples of mixed
floras from western Pangea, at localities situated various distances north of the paleoequator.

Some of the authors have re-collected one of White’s localities, in the Waggoner Ranch
Fm. at the Castle Hollow site in north-central Texas, which is of Leonardian (late Artinskian)
age and was deposited in an equatorial setting. Plant fossils are preserved in sandstones that
fill a small channel, and given the large size and excellent preservation of the foliage, appear
to have been only locally transported. Marattialean fern foliage predominates, and other
elements typical of higher water tables include calamitaleans, neuropterids, odontopterids,
Sigillaria, and Sphenophyllum. However, well-preserved foliated branches of conifers and
large taeniopterid leaves also are abundant and thoroughly intermixed with the wetland-
dominated assemblage. That the remains of these drought-tolerant plants were transported
from mountainous regions, situated hundreds of kilometers away, is an unrealistic
interpretation.

To the paleo-north of Texas, and probably at the margin of tropical latitudes during the
Pennsylvanian to early Permian, White (1912) recorded two other floras that deserve mention.
The first is from a locality near Fairplay, Park County, central Colorado, where plant fossils
were collected in a redbed-dominated succession from “[...] buff and dark Carbonaceous

shales nearly 4 miles southwest of Fairplay [...]” (emphasis added; White, 1912: p. 509). The



macrofloral assemblage includes xeromorphic elements typical of seasonally dry
environments (conifers and callipterids), mesomorphic pteridosperms (Odontopteris
subcrenulata and Neurodontopteris auriculata), and wetland taxa (the lycopsid Sigillaria,
marattialean and sphenopterid fern foliage, Sphenophyllum, and calamitaleans). We believe
that the “southwest” in White’s description may be a slip of the pen, as this would situate the
locality in the Middle Pennsylvanian (mainly Desmoinesian) Minturn Fm. (Widmann et al.,
2007). Such an early age seems incompatible with the plant fossils found. Nonetheless,
Arnold (1941) documented several Middle Pennsylvanian localities in central Colorado that
may record precocious appearances of conifers and other plant-taxa typical of the Late
Pennsylvanian to early Permian, which he interpreted to be a consequence of the climatic
aridity of the region. Alternatively, 4 miles southeast of Fairplay would be at, or very close to,
a locality that has yielded plant fossils (Lesquereux, 1882), but is best-known for its insect
fossils (Scudder, 1890; Handlirsch, 1906; Durden, 1984a). These lower Permian (lower
middle Asselian) strata belong to the Pony Spring Mb., Maroon Fm. (Kirkham et al., 2006;
Schneider and Werneburg, 2006), and, based on insect biostratigraphy, correlate with the Red
Tanks Mb. (Bursum Fm.) at the Carrizo Arroyo locality in New Mexico (Section 6.4.1.2;
Durden 1984b; Schneider and Werneburg, 2006; Lucas et al., 2013a). We tentatively accept
this correlation, although, given the age discrepancies and uncertainty of the whereabouts of
the Fairplay locality of White (1912), further exploration of this site is warranted.

White (1912) also collected a small flora from a redbed-dominated succession at the
south portal of the Swissvale railroad tunnel on the north side of the Arkansas River, Fremont
County, central Colorado. The Swissvale assemblage includes a mixture of conifers,
callipterids, Odontopteris subcrenulata, calamitaleans, and sigillarians, but no marattialean
fern foliage. This locality is in the Sangre de Cristo Fm., a very thick and long-ranging
lithostratigraphic unit with poor age constraints, and that has been subdivided in various
schemes. For example, based on comparisons with illustrations in De Voto et al. (1971: figs.
3, 14), the locality is situated in “Unit V” of Pierce (1969), near the midpoint of the “Lower
Member” of De Voto et al. (1971), and probably near the base of “Member 3” of Wallace et
al. (2000). White (1912) confidently placed a Permian age on the flora, which was followed
by De Voto et al. (1971), although Wallace et al. (2000) suggested a Late Pennsylvanian
(Virgilian) age for this stratigraphic level. We have tentatively assigned an early Asselian age
to the locality.

These mixed floras demonstrate that the wetland biome persisted well into the early

Permian in western Pangea, and, despite the overall strongly seasonal conditions, may even



have predominated in local pockets on the landscape (DiMichele et al., 2006). Furthermore,
these assemblages once again demonstrate that calamitaleans and marattialean ferns were the
most common and widespread of the wetland elements on otherwise seasonally dry
landscapes. The calamitaleans were adapted to repeated burial (Gastaldo, 1992), allowing
them to withstand the recurring floods that characterize stream corridors in seasonal
precipitation regimes, and the marattialeans were capable of extremely wide spore dispersal

and probably also tolerated periodic moisture stress and disturbance (Lesnikowska, 1989).

6.4.1.6. Clear Fork Formation, Texas

Chaney and DiMichele (2007) summarized the composition of floras from redbeds of
the lower Permian (middle to upper Leonardian, middle Kungurian) Clear Fork Fm. (Group)
of north-central Texas. The flora that characterizes redbeds in the middle part of the formation
was studied in detail during an analysis of arthropod damage (Schachat et al., 2014), and also
provided evidence of branch abscission in walchian conifers (Looy, 2013). Studies involving
the paleosols (Tabor and Montafiez, 2004; DiMichele et al., 2006), sedimentology (Simon et
al., 2016, 2018; Simon and Gibling, 2017), and climate (Montafez et al., 2007) of the unit all
point to prevailing dry subhumid to arid conditions. Plant fossils are uniformly preserved in
small channel bodies. Some channels contained standing water after abandonment, whereas
others were filled during intermittent (seasonal?) flow, thereby facilitating short-term
preservation of plant remains in a dry landscape. Plant fossils mainly are preserved as iron-
rich permineralizations (Chaney et al., 2009), probably reflecting the presence of bacterial
microfilms during early stages of diagenesis (Dunn et al., 1997; Locatelli et al., 2017). The
dominant plant fossils are walchian conifers, taeniopterids, callipterids, gigantopterids, and
comoioids. However, these gymnosperms are consistently associated with marattialean tree
fern foliage, calamitalean stems and foliage, rare Sphenophyllum, and exceptionally rare
Sigillaria, all of which are indicative of localized areas with high water tables in an otherwise
strongly seasonally dry landscape.

Again, it is unreasonable to expect that the large number of drought-adapted floras
preserved in various environments in the Clear Fork Fm., extending through several million
years of deposition, largely represent plant remains that were transported into the basinal
lowlands from elevated habitats. This skepticism is supported by the fact that the Clear Fork
Fm. accumulated on the eastern shelf of the Midland Basin, which was a tectonically stable
platform of extremely low relief (Nelson et al., 2013). Furthermore, the nearest upland areas

during the Permian, the Red River Arch and the Wichita-Arbuckle Mountains, were at least



200 km away from any of the fossiliferous localities documented by Chaney and DiMichele

(2007).

7. Discussion
7.1. Evaluating the upland vs. climate models: lessons from Garnett, Kansas

The Upper Pennsylvanian (Missourian) conifer-dominated macrofloral assemblages in
the Rock Lake Shale at Garnett, Kansas (see Section 6.2.2.6; Fig. 6), played a formative role
in the development of the hypothesis of Elias (1936) and Moore et al. (1936) that two
compositionally distinct floras, one with wetland and the other with dryland signatures,
occupied lowland habitats of tropical Pangea. They argued that the alternation of
hygromorphic assemblages (predominantly pteridophytes) and mesomorphic to xeromorphic
assemblages (predominantly gymnosperms) through the late Paleozoic was best explained by
cyclic fluctuations in climate and attendant soil-moisture conditions. Elias (1936) and Moore
et al. (1936) recognized that, although wetland vegetation was far more frequently preserved
in Pennsylvanian strata, the Garnett locality presented a window into rarely preserved
seasonally dry ecosystems that became increasingly apparent through the Permian due to the
long-term aridification of Pangea. Crucially, they considered the gymnosperm-dominated
floras at Garnett and elsewhere to record the local vegetation during seasonally dry phases,
rather than having been transported from a distant source.

Reassessing the Garnett flora, but in the context of the more encompassing
Pennsylvanian-aged coal measures in Kansas, Cridland and Morris (1963) agreed that two
compositionally and ecologically distinct plant communities existed during the
Pennsylvanian. However, based in large part on the absence of roots associated with the
conifer-dominated assemblage, they argued that the xeromorphic plant fossils that dominate
the Garnett flora must have been transported from better-drained “upland” habitats (Fig.
1(A)). Furthermore, Cridland and Morris (1963) rejected the speculations of Elias (1936) and
Moore et al. (1936) about climatic cyclicity during the Pennsylvanian, and instead embraced
the idea that the Pangean tropics always were humid enough to support typical peat-swamp
vegetation. Their rejection primarily hinged on the discovery of a macrofloral assemblage in
the Lawrence Fm. (Virgilian) at Baldwin, Kansas (Cridland and Morris, 1960), where
abundant taeniopterids, rare conifers, and a single callipterid were mixed with the usual array
of wetland elements found at other localities throughout the Lawrence Shale. Given that an
admixture of xeromorphic, mesomorphic, and hygromorphic taxa occurred at the Baldwin and

Garnett sites, and the observation that all other macrofloral assemblages from the Lawrence



Fm. only comprised wetland taxa, Cridland and Morris (1963) argued for the spatially
intermixed coexistence of these two compositionally distinct communities under a persistently
humid tropical climate during the Pennsylvanian.

In the scenario envisioned by Cridland and Morris (1963), wetland and drought-tolerant
plant communities lived side-by-side, in immediate proximity, on the same landscape, being
differentiated only by slight elevational differences (Fig. 1(A)). Plants with mesomorphic to
xeromorphic traits were proposed to have lived on, and to have been transported from,
hummocks within or directly adjacent to peat swamps, which were situated in low-lying areas
and occupied by wetland taxa. These bumps (their so-called “uplands’) on the landscape were
considered sufficiently elevated, and by inference sufficiently well-drained, to produce local
areas of soil-moisture deficit, even though the background climate was humid. Cridland and
Morris (1963: p. 79) offered modern Kansas as an environmental parallel for what they
envisioned for the heterogeneity of plant distribution in the Pennsylvanian, with swampy
riparian settings being surrounded by drier interfluves: “The relief of the regions in question
need only have been of the order of 20-30 feet, i.e., the order of magnitude which is
responsible for the profound differences of the floras of river bottoms and adjacent prairies in
present-day Kansas.” The minimal elevational differences posited by Cridland and Morris
(1963) reflect the fact that they were constrained by the position of the fossiliferous deposit,
far out in west-central Pangea and thus hundreds of kilometers from anything that might
qualify as a true upland.

The reasoning presented by Cridland and Morris (1963) is a paragon of the confusion
that surrounds the matter of mixed floral assemblages in upper Paleozoic strata and, by
extension, for the persisting debate about whether mesomorphic and xeromorphic taxa
characterized “upland” or “dryland” habitats. In comparing to modern Kansas, Cridland and
Morris (1963) confounded several factors. First, modern Kansas does not have a climate in
which vast peat-forming wetlands could exist. Second, the plant-fossil-bearing strata at the
Garnett locality are not laterally adjacent to coal deposits. Rather, the conifer-dominated flora
occurs in a channel-fill that is situated between coal beds, and thus was not contemporaneous
with peat-forming habitats. Indeed, the Garnett flora may record habitat heterogeneity on a
complex, seasonally dry landscape; taxa adapted to seasonal drought probably formed the
matrix vegetation, whereas rare wetland communities were confined to low-lying and
relatively poorly drained riparian habitats. However, what Cridland and Morris (1963) either
failed to acknowledge or to recognize is that the observed heterogeneity in modern-day

eastern Kansas is a product of its moist subhumid and distinctly seasonal climate, with peak



rainfall in the summer months and precipitation exceeding evapotranspiration for 8 months of
the year (Thornthwaite, 1948: fig. 4k, table I). The close spatial proximity of Late
Pennsylvanian plant communities proposed by Cridland and Morris (1963) does not account
for the fact that the “dry” hummocks and the “wet” swamps thought to have surrounded them
must have been subjected to the same background climate. Such a scenario does not account
for the fact that habitat heterogeneity is fundamentally different under humid to perhumid
conditions (9—12 wet months per year) than it is under subhumid to semiarid conditions (1-8
wet months per year) (Table 1). Patches of wetland are far more probable in seasonally dry
climatic zones than are patches of dryland in a region with aseasonal and high rainfall, the
type of environment necessary for widespread peat accumulation in the tropics.

We believe that the Cridland and Morris (1963) model presents a highly improbable
scenario, and even cursory observations of plant ecology in the modern humid tropics support
our misgivings. For example, in the extensive wetlands of Amazonia, vast areas are covered
by wetland forests, known as Varzea (seasonally flooded whitewater; Wittmann et al., 2006;
Luize et al., 2015) and Igap6 (seasonally flooded blackwater; Montero et al., 2014). Plants in
these forests are part of the same basic species pool common to surrounding, better-drained,
terra firma habitats, which are subject to the same humid climate. Furthermore, raised
hummocks in the Varzea forests (Borokotoh) are not occupied by a radically different suite of
species than those in the flooded wetlands or surrounding terra firma, but also comprise plants
from the same species pool (Barnett et al., 2015). Likewise, plant communities drawn from a
common pool occupy the Andean slopes as far upslope as adequate rainfall persists and
temperature extremes do not become the overriding factor (Colinvaux et al., 2000).

This pattern holds in even more extreme ecosystems, such as the ombrotrophic peat
swamps of Sumatra. Posa et al. (2011) reported that, of the 1524 species present in the
swamps, only 174 (11.4%) are restricted to peat substrates, whereas the vast majority are
drawn from a species pool that also occupies surrounding areas of variable elevation, all
under the same perhumid climate. Similarly, in a study of a Cameroonian rainforest with a
three-month dry period, Kenfack et al. (2014) found that many species have habitat centroids
that range from swamps to ridge tops (with elevation differences of up to 90 m). Importantly,
however, all species reported are part of the same species pool, and are largely distributed
throughout all or most of the five habitat types identified in the study area; areas of higher
elevation do not harbor an assemblage of species entirely different from those in the low-lying

swamps.



Returning to the late Paleozoic, many mixed floral assemblages are dominated by plants
that preferred seasonally dry substrates, including conifers, gigantic cordaitaleans,
callipterids, cycads, and taeniopterids, depending on the region and age involved.
Nonetheless, such assemblages usually contain admixtures of plants typical of wetland
habitats, albeit frequently being rare and fragmentary. The paucity and poor preservation of
these wetland elements are important indicators of the climatic signature deduced from the
dominant dryland taxa. Where the remains of drought-tolerant plants are well preserved as
large specimens, but wetland elements are not, the explanation that the fragmentation of
wetland taxa occurred during long-distance transport from poorly drained habitats seems
improbable. More plausibly, wetland communities existed within a background of seasonally
dry landscapes, but only in scattered patches or ephemeral habitats within riparian corridors or
on the margins of lakes and ponds (Falcon-Lang et al., 2004; DiMichele et al., 2006; Oplustil
et al., 2013b; Bashforth et al., 2014). Such depositional settings were favored by plants
capable of recovering from repeated burial by flood-borne sediments (such as calamitaleans),
groups that dispersed widely and rapidly to find stable, wet microhabitats (such as
marattialean tree ferns), or taxa that could tolerate a degree of seasonal drought (including
some medullosalean pteridosperms). Thus, we suggest that the rarity and fragmentary
preservation of any type of plant remains in macrofloral assemblages should not immediately
connote long-distance transport from remote sites, and the presence of wetland plants
intermixed in taphocoenoses dominated by dryland taxa provides clear support for that

argument.

7.2. True upland vegetation

Is it possible to assess unequivocally the composition of true upland vegetation in the
Pennsylvanian and Permian tropics? This question has vexed scientists since the 19 century,
and Ball (1879: pp. 578-579) did not conceal his pessimism: “Among the many new and old
truths which we owe to Darwin, must be reckoned the lively sense of the imperfection of the
geological record now possessed by most naturalists, but not generally recognised before the
appearance of the ‘Origin of Species’. As regards fossil records of the vegetation of mountain
regions, however, the case is very much stronger than he has put it; and with few and trifling
exceptions, to one of which I shall refer, the documents from which we might have gained any
direct knowledge of the mountain vegetation of the past are irrevocably lost. Fossil plants
are, under favourable conditions, preserved in shallow lakes or estuaries, but only by the

rarest of chances can a plant from the upper mountain region be preserved in such deposits.



In attempting to reason about the ancient vegetation of the mountain regions of the earth, we
are thus left unaided by direct evidence, and it is unavoidable that our conclusions should be
to a great extent speculative.”

Although such pessimism may be warranted, we are cautiously optimistic that the
remains of true upland vegetation could be preserved in the geological record in at least two
ways. The first involves the preservation of high-elevation landscapes that, through unusually
rapid subsidence linked to orogen collapse, were drawn downward into the evolving
accommodation space and buried before they could be obliterated by erosion. The premise for
this assumption is intuitive; upland plants should have greater preservation potential in
mountainous terrain, given the higher altitudes and pronounced topographic relief that places
erosional and depositional settings in proximity. The second mechanism involves the
transport of upland plants from basinal slopes or more distant hinterlands into lowland
settings, where their preservation potential was greatly enhanced. Log-jam deposits, in
particular, may hold some promise for determining the composition of true upland plant
communities. Nonetheless, we emphasize that, depending on the prevailing climate mode,
such upland vegetation could be homotaxial with coeval lowland communities, and thus

indistinguishable in a plant-fossil assemblage.

7.2.1. Intramontane basins

Regarding the preservation of intramontane landscapes, some alpine basins of Cenozoic
age still survive, particularly within the Alpide mountain belt of Europe and Asia, although
the probability of them entering the longer-term geological record is exceedingly low because
elevated regions are subject to net erosion. It follows that there are very few examples of
upper Paleozoic successions that could potentially represent the fill of true limnic
intramontane basins. Indeed, many basins that were formerly identified as limnic (ostensibly
because they developed in the midst of mountainous terrain) contain evidence of marine
incursions, including the Maritimes Basin of Atlantic Canada (Archer et al., 1995; Calder,
1998; Grey et al., 2011; Carpenter et al., 2015; Falcon-Lang et al., 2015c; Fig. 7). Likewise,
in the post-Asturian Basin of northwestern Spain (Fig. 8), where deposition occurred in a
broad foreland flanked by substantial topography, faunal evidence for brackish or marine
influence has been found tens to hundreds of kilometers inland from the presumed Paleo-
Tethys coastline (Eager and Weir, 1971; Eager, 1985; Knight, 1983; Wagner and Alvarez-
Vézquez, 2010; Fig. 3). As such, sediment accumulation in these paralic intramontane basins

must have occurred close to sea-level highstand and, even during lowstands at glacial



maxima, elevations would only have been ca. 100—120 m above sea level (Rygel et al., 2008),
despite the coastline having retreated by many hundreds of kilometers.

The best candidates for late Paleozoic intramontane basins that could record true limnic
successions deposited at elevation, and thus preserved through extraordinarily rapid
subsidence, are the small, disconnected basin networks of Europe situated in the heart of the
Variscan Orogen (reviewed by Oplustil, 2004; Oplustil and Cleal, 2007; Cleal et al., 2009;
Fig. 8). Based on the presence of putative periglacial sedimentary features, Becq-Giraudon et
al. (1996) proposed that basin-fill successions in the French Massif Central record
accumulation at altitudes up to 4.5-5 km. However, this hypothesis is wholly incompatible
with the timing and rates of denudation for the orogen (Schneider et al., 2005; Roscher and
Schneider, 2006), and with the composition of associated macrofloral assemblages, which
contain predominantly wetland taxa that are typical of Upper Pennsylvanian floras found
elsewhere (Doubinger et al., 1995; Wagner, 1997; Wagner and Alvarez-Véazquez, 2010).
Similarly, Tenchov (1976) suggested a paleoaltitude of 2 km for the Svoge Basin in Bulgaria
based on floristic and biogeographic comparisons.

One of the best documented and most credible candidates for a late Paleozoic upland
environment is the Kladno-Rakovnik Basin and associated depocenters of the Bohemian
Massif in the Czech Republic, where strata (including thick peats) were deposited in narrow,
steep-sided paleovalleys and subsequently buried below the plane of erosion (Oplustil, 2005a,
2005b). Based on extrapolations of paleovalley gradients and estimated downstream distance
to the North Variscan coastline (corrected by palinspastic reconstruction), Oplustil (2005a)
suggested a maximum paleoaltitude of 900-1200 m for the basin during the Early to Middle
Pennsylvanian. However, this value may be an overestimate, and a paleoaltitude of 500 m for
the Kladno-Rakovnik Basin is now considered more probable (S. Oplustil, pers. comm., Oct.
2020).

A significant hurdle to interpreting the late Paleozoic intramontane basins of the French
Massif Central and Bohemian Massif as recording wholly terrestrial deposition at high
elevations is the presence of intercalations that contain faunas suggestive of marine to
brackish influence (reviewed by Schultze and Soler-Gijon, 2004; Schultze, 2009, 2013).
Based on detailed critiques of the environmental constraints of these biotas, which include
acritarchs, microconchids, bivalves, ostracodes, syncarids, xiphosurans, and fish, these
authors concluded that the Variscan basins could not have formed at high altitudes because a
marine connection was necessary, even if only intermittently. Again, this implies that low-

lying areas within these basins were at the upper limits of the reach of marine highstands, at



elevations of ca. 100—120 m above sea level (Rygel et al., 2008). In keeping with this
scenario, Bashforth et al. (2011) suggested that these intramontane basins may have had very
steep margins that descended to relatively low-elevation floors. However, a more nuanced
interpretation is that the marine to brackish faunas may have been euryhaline invaders linked
to the “mid-Carboniferous diversification event” of continental ecosystems (Falcon-Lang et
al., 2015d). Although some of these organisms may have been obligated to return to marine
habitats to reproduce (Schultze and Soler-Gijon, 2004; Schultze, 2009), their occurrences in
the intramontane Variscan basins may imply proximity to the coast rather than proximity to
sea level (O Gogain et al., 2016).

Although novel approaches to determining the paleoaltitude of late Paleozoic
intramontane basins present an exciting research domain, to date only estimates of minimum
elevation can be made with certainty, being based on the preserved magnitude of basement
topography. In numerous basins situated within elevated terrain (e.g., Kladno-Rakovnik
Basin, Oplustil, 2005a; Dobrudzha Basin, Bulgaria, Tenchov, 1993; northern part of Bay St.
George Basin, Newfoundland, Falcon-Lang and Bashforth, 2004), the maximum observed
paleorelief is ca. 200 m. In northwestern Spain, greater incised-paleovalley depths were
recorded in the Sabero and Cifiera-Matallana coalfields (200300 m; Knight, 1971; Wagner,
1971) and the post-Leonian Basin near Ocejo de la Pefia (up to 450 m; Iwaniw, 1985b),
although these magnitudes may be exaggerated due to syn- and post-depositional tectonism
(Alonso, 1989). As such, conservative estimates of basin paleo-altitudes are in the range of up
to a few hundred meters, and probably well below 1000 m, above sea level (Falcon-Lang,
2004Db).

Whereas many of the aforementioned intramontane basins clearly were deposited above
sea level, their altitudes were probably not sufficient to affect overall floral composition. For
example, as detailed in Section 6.2.4.2 (and references therein), several fossil-taxa that are
rarely preserved in Pennsylvanian macrofloral assemblages have been recorded among the
diverse record of the uppermost Duckmantian Lower Radnice Mb. in the Central and Western
Bohemian Basin, Czech Republic (Oplustil and Cleal, 2007). Having been deposited in
valleys and narrow ravines that were surrounded by rugged topography, these taxa, such as
endemic medullosalean pteridosperms (e.g., Havlenaea), noeggerathialean progymnosperms
(e.g., Rhacopteris, Palaeopteridium, Noeggerathia), and the coniferopsid Dicranophyllum,
have frequently been cited as examples of “extrabasinal” or “upland” plants that washed into
basinal areas from adjacent slopes (i.e., putative “well-drained” habitats). However, careful

analysis of the distribution of these fossils in sedimentologic, taphonomic, and environmental



context indicates that Noeggerathia and Dicranophyllum actually preferred the peat swamps,
whereas Havlenaea, Rhacopteris, and Palaeopteridium were a subset of the wetland
vegetation that mainly occupied clastic-substrate habitats, perhaps preferentially occupying
thin soils on local slopes. Importantly, all of these fossil-taxa lived and died under a humid
climatic regime. Aside from rare conifer pollen (Pofonieisporites) and unidentified
(cordaitalean?) wood fragments at the Stradonice locality (Starkova et al., 2016), there is no
unequivocal evidence of genuinely xeromorphic plants that grew under moisture-stressed
conditions. As such, regardless of the original altitude of the basin and the existence of
significant topographic relief during deposition of the Lower Radnice Mb., it is clear that
elevation alone did not create conditions leading to dominance by a distinct dryland biome.

In modern tropical settings, vegetation zones along altitudinal transects reveal a shift
between lowland rainforest and montane rainforest at elevations ranging from 700—1500 m,
the exact level dependent on environmental characteristics and climate mode of the region
(Richards, 1952; Grubb and Whitmore, 1966; Grubb, 1971, 1977; Nakashizuka et al., 1991).
Gradational changes in lowland rainforest composition do occur at lower elevations, but these
transitions comprise more subtle shifts in the vegetational mosaic, rather than recording a
change to a distinct forest type (Lieberman et al., 1985; Nakashizuka et al., 1991; Lieberman
et al., 1996). We consider it reasonable to assume that vegetation was organized along similar
altitudinal gradients in Deep Time. Accordingly, it may be that none of the preserved basins
of equatorial Pangea developed at sufficiently high elevations (i.e., above 700—1500 m) to
support the late Paleozoic equivalent of the taxonomically distinct montane forests of the
modern tropics. This assertion is supported by the fact that the Variscan Mountains resulted
from continent-continent collision, and thus may have comprised a series of major (albeit
disjunct) ranges, where the altitudinal threshold between lowland and montane forests would
have been at higher elevations (ca. 1200—1500 m), rather than the lower limit (ca. 700—900 m)
found on isolated mountains (i.e., the “Massenerhebung” effect; Grubb, 1971).

Although the composition of true upland vegetation in tropical Pangea remains an
enigma, some clues can be drawn from biogeographical studies that demonstrate a close
relationship between altitude and latitude in the distribution of modern plant biomes (e.g., the
“life zones” of Holdridge, 1947). Under this bioclimatic framework, equatorial montane floras
resemble those of lowland temperate zones, although diversity remains markedly higher in the
tropical forests (Richards, 1952; Gentry, 1988). Applying this concept to the late Paleozoic,
upland vegetation of equatorial Pangea may have had parallels with temperate lowland

vegetation of the Angaran and/or Gondwanan paleokingdoms. There is support for this model



in the fossil record, as rare palynomorphs (typically pollen) attributable to taxa of Angaran
and Gondwanan affinity occasionally occur in microfloral assemblages from clastic lowland
deposits of Euramerica (Kirkland and Frederiksen, 1971; Bless et al., 1977; Winston, 1983;
Dimitrova et al., 2011; Dolby et al., 2011; Van Hoof et al., 2013). We emphasize the fact that
these exotic elements have not been recovered from coals, which record peat accumulation
under a (per)humid climate mode. Rather, they have been found in clastic strata, which were
deposited under seasonally dry conditions of varying amplitudes (Cecil, 2003; Cecil and
Dulong, 2003; Table 1), under a climate mode that resulted in a landscape with heterogeneous

drainage conditions and habitats.

7.2.2. Log-jam deposits

The second way to assess the composition of upland communities is by analyzing log-
jam deposits preserved in basinal lowlands situated adjacent to erosional settings. Numerous
examples of log jams dominated by the trunks and stumps of gigantic cordaitalean trees have
been documented from Lower and Middle Pennsylvanian fluvial successions in the Maritimes
Basin of Atlantic Canada (Calder, 1998; Falcon-Lang and Scott, 2000; Falcon-Lang and
Bashforth, 2004, 2005; Bashforth, 2005; Falcon-Lang, 2006; Gibling et al., 2010; Bashforth et
al., 2014; Ielpi et al., 2014; Fig. 7). In all of these instances, strata were laid down in basinal
lowlands that were closely flanked by elevated hinterlands (Calder, 1994, 1998; Gibling et al.,
2019), although deposition generally occurred at elevations within the limits of sea-level
highstands. Given the setting, the predominance of cordaitalean logs may reflect the
proximity to, and transport from, adjacent hinterland habitats. For example, in a survey of log
jams in Middle Pennsylvanian fluvial deposits in the Sydney Basin, Gibling et al. (2010)
recorded an increase in the proportion and size of cordaitalean remains, as well as changes in
their preservational mode, at occurrences closest to the basin margin. However, none of the
log jams documented in Atlantic Canada exclusively comprise suspected upland elements, as
axial remains (trunks, branches, large petioles) of plants typical of low-lying wetland habitats
(lycopsids, calamitaleans, tree ferns, pteridosperms) also are present (and sometimes
predominant). As such, most of these plants probably were entrained from lowland riparian
habitats, including from peat swamps that were crosscut and eroded by fluvial systems that
developed after peat accumulation had ceased, possibly due to a shift to seasonal conditions.

A similar scenario was envisioned for a Lower Pennsylvanian log-jam deposit in the
Black Warrior Basin of Alabama (Fig. 6), where lycopsid, calamitalean, and large

cordaitalean trunks occur in a fluvial conglomerate situated between two benches of the Mary



Lee Coal (Liu and Gastaldo, 1992; Gastaldo and Degges, 2007). Clast lithotypes, including
pebbles that fill interior hollows of many axes, indicate derivation from highlands of the
Appalachian Mountains, suggesting that the logs and outsized clasts rafted into the basinal
lowlands from extrabasinal sources up to 100 km upstream. Based on the presence of upright
lycopsids and calamitaleans in the lower bench of the Mary Lee Coal (Gastaldo, 1990), and
the composition of palynological assemblages in the coal itself (Eble, 1990; Eble et al., 1994),
Gastaldo and Degges (2007) suggested that most of these axes were eroded from the local
peat swamps and lowland riparian habitats. In contrast, the large-statured cordaitalean logs
were interpreted to have been transported from more distant, elevated sources near the
Appalachian Mountains.

We emphasize the point that such log-jam deposits may indeed include plant remains
transported from true upland settings, but only those organs with the most strongly lignified
and thus resistant tissues, particularly woody stems and some seeds, would represent upland
vegetation. These deposits probably will not contain the foliage or other delicate organs
reported from macrofloral assemblages that, as discussed in many of the above papers
(Section 6), we interpret as being composed entirely of plants derived from intrabasinal,
lowland settings. Furthermore, even if stems derived from upland habitats are present, they
invariably are mixed with logs from lowland settings. In light of these observations on the
composition of log-jam deposits, we consider it highly improbable that the foliage or delicate
branch systems of “extrabasinal” or “upland” plants could survive extended transport into
basinal lowlands, let alone be preserved with the same quality as the wetland taxa with which
they frequently are mixed. Are there “exotic” upland plants represented in some log-jam
deposits? There almost certainly are. However, in the absence of more readily identifiable
foliar remains, and the difficulty of differentiating plant groups based on decorticated and
flattened logs, we would argue that the composition of vegetation from true elevated habitats

remains ambiguous.

7.3. Inferences from palynological assemblages

Palynology, frequently exhorted as providing a window on upland vegetation, may be a
significantly less reliable indicator for determining upland vs. lowland plant sources than
promoted. The literature is replete with instances of palynomorphs, especially those from
enigmatic or rare plant groups that are not represented in the regional macrofossil record,
being attributed an upland origin (Chaloner, 1958; Kirkland and Frederiksen, 1971; Bless et

al., 1977; Dimitrova et al., 2011). However, such occurrences could just as easily be



explained as having been derived from vegetation that occupied a local basinal lowland
environment during an interval of climatically induced moisture deficit. A particularly
interesting case study is a comparison of papers by Dolby et al. (2011) and Dimitrova et al.
(2011), both of which examined the same palynological data from the uppermost Middle
Pennsylvanian Sydney Mines Fm. in the Sydney Basin of Nova Scotia (Fig. 7), but came to
entirely different interpretations about the composition and distribution of the source
vegetation. Both studies involved roof-shales immediately above coal beds and other
siliciclastic units in successions between coal beds, whereas Dolby et al. (2011) also
examined palynological assemblages from the coal beds themselves. Although the two
analyses converge in their tacit agreement that the plants and physical environment were
closely linked, the geological context and resulting interpretations of plant distribution in time
and space are widely divergent.

Dolby et al. (2011) interpreted the depositional context of the Sydney Mines Fm. under
a high-precision framework of glacial-interglacial cyclicity developed for the unit (Gibling
and Bird, 1994; Gibling et al., 2004), with evidence of climatic fluctuations determined in part
from sedimentology, sequence stratigraphy, and paleosols between coal beds, including calcic
Vertisols indicative of strongly seasonal rainfall (Tandon and Gibling, 1994). The
composition of palynofloral assemblages was linked directly to environmental conditions at
the site of deposition. Temporal changes in palynological spectra were interpreted as
recording attendant changes in climate, highlighted by the strong contrast between dryland
assemblages dominated by conifers and other gymnosperms, and wetland assemblages
dominated by lycopsids, ferns, and cordaitaleans. In marked contrast, Dimitrova et al. (2011)
interpreted the climate as uniform throughout the succession, with the coals, limestones,
siliciclastic deposits, and paleosols recording gradational shifts in depositional environments
and topography through time and space. According to this framework, expanded on by
Thomas and Cleal (2017), the region was interpreted as consisting of a series of vegetational
zones that extended inland from coastal peat swamps to increasingly elevated areas; the
composition of plant communities simply changed upslope due to increasing moisture stress
resulting from drainage effects (Fig. 1(B)). These floristic patterns were largely inferred from
a priori interpretations about the tolerance of different plant groups to drought stress, rather
than directly linking the palynological assemblages to the lithofacies from which they were
collected.

We would be remiss not to point out that the model undergirding the interpretations of

Dimitrova et al. (2011) and Thomas and Cleal (2017) would be described as entirely



“autocyclic” in the terminology introduced by Beerbower (1964; discussed by Cecil, 2013).
Applying this paradigm, climate is held constant, and facies changes are considered to result
entirely from the shifting of depositional conditions across the landscape. Dimitrova et al.
(2011) and Thomas and Cleal (2017) offered no mechanism to explain the great variety of
depositional environments, all assumed to have occurred contemporaneously and in close
proximity, on the landscape they envisioned — the heterogeneity is simply asserted.
Importantly, many of the stratigraphic facies implied to have been concurrent are, in fact,
indicators of markedly different and entirely incompatible environmental conditions. The
sustained accumulation of tropical peat, for example, requires a (per)humid climate, and is
intolerant of sediment influx. Furthermore, under such climatic conditions, tropical rivers,
even those with high flow volumes, carry low sediment loads (Cecil et al., 2003b; Latrubesse
et al., 2005) due to soil shielding by high-density canopies, and binding by roots, mycorrhizal
fungi, and their exudates. In contrast, rivers with high siliciclastic loads and active floodplains
are most common under seasonally dry climates (Cecil and Dulong, 2003; Latrubesse et al.,
2005).

In the context of this discussion, we are reminded of one entirely autocyclic model,
dubbed the “Allegheny Duck”, in which the dynamics of modern coastal deltas were applied
to account for changes in the spatial position of various depositional environments
represented in coal-bearing strata in the Appalachian Basin (Ferm, 1970; Horne et al., 1978).
Unfortunately, the Allegheny Duck model was not in conformance with the sedimentary
patterns and the nature of peat formation in modern deltas. Not having the predictive power
hoped for, the model ultimately was abandoned by its originators (Ferm and Staub, 1984).

As Beerbower (1964) presented so eloquently, one must consider both autocyclic and
allocyclic factors when attempting to interpret and reconstruct ancient landscapes. Given the
overwhelming evidence in the Pennsylvanian geological record for rthythmic climate change,
and for its imposition on longer-term climate trends, we favor interpretations that
acknowledge the strong role that climate must have played in determining the distribution of
vegetation in time and space. However, because of the high potential for palynomorph
transport, palynofloras of “mixed” floral composition must be used in combination with
geological evidence that considers such matters as depositional setting, the potential for
reworking of some grains, position of the study assemblages relative to sea-level fluctuation
and sequence architecture, and non-biological indicators of climatic conditions, such as

paleosols and sedimentary features.



7.4. Floristic patterns near the Middle to Late Pennsylvanian boundary: tectonics vs. climate

Considering the literature reviews and discussions presented herein, we return to the
matter of climate vs. tectonics as the main driver of plant distribution, including extinctions
and originations, during the late Paleozoic. The areal extent of peat swamps in Euramerican
parts of Pangea underwent a significant reduction just after the Middle to Late Pennsylvanian
(Moscovian-Kasimovian) boundary (Phillips and Peppers, 1984; Kerp, 1996; Cleal and
Thomas, 1999, 2005), an event that coincided with a prominent shift from lycopsid to tree-
fern dominance in the peat swamps (Phillips et al., 1974, 1985; Phillips and Peppers, 1984).
In the central and eastern USA, this extinction event equates to the traditional Desmoinesian-
Missourian boundary (see Section 6.1; Fig. 4), and has been attributed to a threshold-type
ecosystem response (DiMichele and Phillips, 1996; DiMichele et al., 2001a, 2009; Falcon-
Lang et al., 2018) to the overall warming and drying trend that affected tropical Pangea
through the Pennsylvanian (Cecil et al., 1985; Roscher and Schneider, 2006; Tabor and
Poulsen, 2008; Tabor et al., 2013b; Montafiez et al., 2016). However, Kerp (1996) and Cleal
and Thomas (1999, 2005) invoked tectonism, namely the rise of the Variscan mountain belt
and attendant changes in elevation and sediment output, as the primary mechanism for the
drastic reduction of peat-forming habitats and concomitant extinction near the Middle to Late
Pennsylvanian boundary.

Kerp (1996) presented a comprehensive model for the influence that mountain building
would have had on a large, flat, low-elevation alluvial plain, the type of setting favorable to
peat accumulation. In effect, he envisioned that increased elevation and topographic relief in
the Variscan region due to orogenesis would have fragmented those landscapes where high
water tables were formerly able to persist. In this model, the rise of the Variscan mountains
promoted spatial heterogeneity, with a strong reduction in the areal extent of landscapes that
had a sufficiently high water table to support peat swamps and other wetlands. The creation of
mountainous areas may also have had a strong effect on the heterogeneity of microclimates,
sediment types and accumulation rates, and substrate conditions, thus potentially bringing
vegetation adapted to very different conditions into closer proximity than might occur on a
low-gradient, homogenous landscape. Such a varied vegetational mosaic could have enhanced
the possibility for the assembly of mixed plant taphocoenoses.

We acknowledge that landscape partitioning during orogenesis would have played a
role in fragmenting and redistributing the dryland and wetland biomes on large-scale time
frames. However, the rate of mountain building is significantly slower than the rate of plant

dispersal and establishment. For example, studies of orogenic activity indicate that maximum



rates of sustained tectonic uplift are ca. 1 km per million years (Abbott et al., 1997).
Expressed more tangibly, at a maximum rise of 1 m per thousand years, rates of vegetation
dispersal would far outpace such increases in elevation. Furthermore, using modern
Amazonian vegetational patterns as an analog, an increase of at least 1 km would be
necessary to influence equatorial climate and to cause major disruptions in plant distribution
and composition (Colinvaux et al., 1996). Finally, regional climatic conditions do not become
more seasonal simply due to elevation. As discussed in Section 7.1, there are many locations
in the modern world where wetlands, including peat swamps, occur at various elevations,
including within mountainous areas, so long as a favorable climate exists. Take the British
moorlands in the northern temperate zone, for example, where peat covers steep terrain, the
effects of drainage being overcome by persistently high rainfall and low evapotranspiration.
In tropical areas, swamps, some extensive, also are known in central Congo (Lawson et al.,
2015; Dargie et al., 2017, 2018), and in the interiors of Western Malaysia (Wiist and Bustin,
2001, 2004) and Sumatra (Flenley and Butler, 2001); even elevated terrain in the vicinity of
these peat swamps is covered by dense rainforest.

Based on these records from the modern world, we consider that a very slow increase in
topographic heterogeneity is a highly improbable mechanism to explain the “drying out” of
wetland habitats, or to cause the extinction of plant populations during the late Paleozoic
(Falcon-Lang et al., 2018). So long as there remained elevated areas where the climate was
suitable for wetland plants to live and reproduce, the wetland biome would have persisted in
tropical Pangea. Indeed, thick peats (now mineable coals) accumulated within the Variscan
and other mountainous regions of Pangea during the Late Pennsylvanian (see reviews of
Oplustil and Cleal, 2007; Cleal et al., 2009; Wagner and Alvarez—VézqueZ, 2010; Oplustil et
al., 2013b, 2016b, 2017a), well after the major extinction event, indicating that there were
elevated areas where the climate was compatible with the development of organic deposits of
considerable extent and thickness. Furthermore, numerous Upper Pennsylvanian wetland
floral assemblages have been documented from areas of Europe within the broadly defined
Variscan realm, and it is noteworthy that drought-tolerant taxa are absent in many of these
taphocoenoses, despite being deposited directly adjacent to upland settings. Accordingly, we
argue that simple increases in slope, aspect, and elevation would not, on their own, have
created uniform “drought” over an area as vast as the Variscan mountain belt.

If orogenesis were responsible for the extinction of a large component of the Middle
Pennsylvanian wetland flora in east-central Pangea (present-day Europe), what caused the

extinction of the same wetland taxa in western parts of Pangea (present-day USA), where



similar mountain building did not occur? Cleal et al. (2011: p. 9) suggested that the floristic
reorganization event at the traditional Desmoinesian-Missourian boundary in the USA “[...] is
merely the culmination of an extended process that gradually rolled-out across Euramerica
between Duckmantian and Cantabrian times.” This is not, however, a mechanistic,
biologically meaningful explanation. Furthermore, palynological evidence suggests that the
extinction was time transgressive, beginning in western Pangea and progressing eastward into
the European parts of Pangea (Peppers, 1996), consistent with a general shift to drier
conditions from west to east across tropical latitudes (Schutter and Heckel, 1985; Cecil et al.,
2003a; Tabor and Poulsen, 2008; DiMichele et al., 2011). Such congruence of climatic and
biologic patterns would be unexpected if Variscan tectonism initiated widespread extinctions
that, by some unidentified mechanism, spread westward across the remainder of the Pangean
continent, all the way to the Panthalassan coast, but not eastward to Cathaysia, where broadly
comparable wetland floras persisted well into the Permian (Hilton and Cleal, 2007; Wang et

al., 2012).

7.5. Distribution of late Paleozoic biomes in time and space: an updated “climate model”

Drawing on the body of evidence and discussions provided in this review, we present a
schematic illustration (Fig. 10, legend on Fig. 11) that demonstrates how the wetland and
dryland biomes tracked the various climate zones that existed in tropical Pangea during the
late Paleozoic. Due to the figure’s complexity — a reflection of the dynamism of plant
distribution in time and space — we provide fuller explanations here, rather than in an
extended figure caption.

The horizontal axis shows the lateral distribution of different climate zones and their
corresponding vegetational biomes. Basinal lowlands are situated on the left, and increasingly
distant extrabasinal regions are shown towards the right; we emphasize that the distance
between these landscape positions could be 100s to 1000s of kilometers. Climatic conditions
are wettest on the left, and become increasingly moisture-stressed towards the right. The large
climate icons on the left side represent the climate mode in the basinal lowlands for each
panel, whereas smaller climate icons in the upper part of each panel demonstrate the change
to more moisture-stressed conditions towards the right. The long-term (10°-year) burial and
preservation of identifiable plant fossils is most likely to occur in subsiding depositional
basins, indicated as the “preservation window” (pink rectangle) in basinal lowland positions
on the left side of each panel. Although other biomes and climate zones existed

contemporaneously in increasingly distant extrabasinal habitats, their landscape position



outside of the “preservation window” negated long-term preservation potential. We reiterate
the point that the lateral shifts between various climate states and plant biomes occurred over
regional- to continent-scale gradients, similar to the progressive drying that existed from east
to west between west-central and western Pangea (present-day USA) during the late
Paleozoic.

On the vertical axis, the distribution of vegetation under different climate states is given
for three broad time slices: Early/Middle Pennsylvanian, Late Pennsylvanian, and early
Permian. To demonstrate the stepwise aridification of the Euramerican tropics during the late
Paleozoic, the spectrum of climate zones in basinal lowland positions (large climate icons) in
each time slice trends towards progressively drier conditions through time: Early/Middle
Pennsylvanian (three panels: perhumid, humid, and subhumid modes), Late Pennsylvanian
(three panels: humid, subhumid, and semiarid modes), and early Permian (two panels:
subhumid and semiarid modes) (see Table 1 for definitions of each climate mode). Thus, for
each broad time slice, the panels record different potential scenarios for how the climate zones
and corresponding biomes were distributed across a hypothetical regional- or continent-scale
landscape. The panel that was “relevant” at any point in time depended on the prevailing
climate mode in the basinal lowlands, and recurred cyclically as the climate oscillated in
tandem with glacial-interglacial phases that operated at various time scales.

The landscape surface only shows minimal topographical differences and intentionally
has been maintained at the same elevation. Displaying the landscape in this manner stresses
the crucial point that the lateral distribution of plant biomes was controlled by the climatic
conditions of a region, rather than having been determined by slope aspect and the drainage
effects called for in the “upland model”. Although mountainous and other elevated regions
obviously existed over continent-scale distances in tropical Pangea, such upland settings
hosted whatever vegetational biomes were adapted to the local climatic conditions. As in the
modern tropics, elevated habitats were just as likely to be occupied by the wetland biome, to
the exclusion of the dryland biome, under a (per)humid climate mode.

We recognize four vegetational biomes (one wetland and three dryland) in tropical
Euramerica during the Pennsylvanian and early Permian. The diverse wetland biome
(Biome 1) is here divided into three subbiomes, all of which drew from a common taxonomic
pool, but which contained different proportions of the same families, genera, and/or species.
Ombrotrophic (domed) peat swamps (Subbiome 1a) formed under a perhumid climate, were
characterized by sub-arborescent lycopsids and diverse ferns, and were most common in the

Early to Middle Pennsylvanian. Rheotrophic (planar) peat swamps (Subbiome 1b) mostly



accumulated under humid climates. These swamps were dominated by arborescent lycopsids
(Early to Middle Pennsylvanian) or tree ferns (Upper Pennsylvanian), but also included sub-
arborescent lycopsids, sphenopsids, diverse ferns, pteridosperms, and low-statured “wetland”
cordaitaleans. Clastic swamps and associated clastic wetlands (Subbiome 1¢) were most
prevalent under subhumid to humid climate modes, and, being characterized by varying
degrees of seasonality, acted as a floristic transition between the wetland and dryland biomes.
This very diverse biome included various lycopsids, sphenopsids, ferns, pteridosperms, and
cordaitaleans, and is represented in the vast majority of upper Paleozoic macrofloral
assemblages that are preserved as adpressions.

Of the three dryland biomes, forests dominated by gigantic “dryland” cordaitaleans
(Biome 2) were on the wettest end of the spectrum. These forests thrived under conditions of
strongly seasonal precipitation in subhumid to semiarid climates, particularly during the Early
to Middle Pennsylvanian. Associated understorey plants included pteridosperms and several
taxa of enigmatic affinity (e.g., Megalopteris, Lesleya, Taeniopteris, and diverse putative
progymnosperms), depending on the time interval involved. Forests dominated by walchian
conifers (Biome 3) also existed under strongly seasonal conditions in subhumid to semiarid
climates, and appeared in basinal lowland settings with increasing frequency in the Late
Pennsylvanian and Permian. This biome also was characterized by medullosalean
pteridosperms, several peltasperms (e.g., Autunia, Supaia), taeniopterids, and unusual
progymnospermous plants. On the driest end of the spectrum, forests dominated by voltzian
conifers (Biome 4) may have existed in semiarid to arid climate zones during the latest
Pennsylvanian and Permian. Associated taxa included diverse peltasperms, gigantopterids,
and cycadophytes, many of which had a “late Permian to Mesozoic” aspect. Although this
biome may have existed somewhere “out there” in extrabasinal habitats since the Late
Pennsylvanian, only under the most moisture-stressed conditions did these derived taxa make
very rare appearances in basinal lowlands in the early to middle Permian (DiMichele et al.,
2001b, 2004b; Looy, 2007; Looy and Stevenson, 2014; Falcon-Lang et al., 2015b; Forte et al.,
2017).

With regard to “mixed” assemblages, the subject of this review, the illustration
demonstrates how wetland vegetation existed in localized patches within the matrix of
drought-tolerant taxa in each of the dryland biomes. The most frequently encountered wetland
plants in the dryland biomes included calamitaleans and tree ferns, although a subset of
medullosalean pteridosperms may also have been present, together with rare lycopsids

(especially Sigillaria) and sphenophylls. The scattered wetland habitats, such as riparian



corridors and the margins of lakes and estuaries, provided substrates that ranged from
permanently waterlogged to intermittently damp, depending on the background climate mode,
and acted as restricted “waterholes” in landscapes that experienced seasonal moisture deficit.
Due to the taphonomic megabias towards vegetation from more poorly drained landforms,
where deposition, burial, and short-term preservation were possible, these wetland elements
frequently are over-represented in “mixed” assemblages, despite being relatively rare
components of the dryland biomes.

Integrating these concepts, the “climate model” in Fig. 10 demonstrates how the various
late Paleozoic plant biomes tracked climate through space and time. When conditions were on
the wet end of the climate spectrum in each time slice, one or more of the wettest available
(sub)biomes may have been situated in the “preservation window” in the basinal lowlands,
whereas increasingly more dryland biomes were pushed far out into extrabasinal habitats,
where there was no preservation potential. As the basinal lowlands experienced increasingly
drier conditions, biomes on the drier end of the climate spectrum expanded basinward into the
“preservation window”, with wetland vegetation becoming increasingly restricted to scattered
patches on an otherwise seasonally dry landscape, resulting in “mixed” assemblages. The
rhythmic expansion and contraction of these wetland and dryland biomes recorded the
dynamism of climatic oscillations in tropical Pangea, which were intricately linked to glacial-

interglacial cycles that occurred at variable frequencies during the late Paleozoic.

8. Concluding remarks

The integration of data from the plant-fossil record and observations of Pleistocene and
Holocene plant distribution indicate that floristic composition is a reliable indicator of climate
at a variety of spatial and temporal scales. For late Paleozoic plant taxa, the correlation of
species, genera and even higher order lineages with particular climatic centroids has been
established over almost two centuries of investigation, and has involved repeated observations
of linkages between independent environmental indicators, the composition of floral
assemblages, and physiological attributes of the plant fossils themselves. Given the
restrictions that climate places on plant distribution, we conclude that the presence of fossil-
taxa typical of moisture-stressed habitats within a macrofloral assemblage dictates that some
degree of climatic seasonality characterized the broader regional landscape. This is the case
even if a macrofloral assemblage is dominated by wetland elements, but includes at least
some drought-tolerant taxa. Furthermore, the notion that long-distant transport is the default

mechanism to explain the presence of mesomorphic and xeromorphic plant taxa in floral



assemblages is patently incorrect. Many fossil assemblages that contain such drought-tolerant
plants, whether rare or dominant elements, are located many hundreds of kilometers from any
elevated habitat that would qualify as an upland. Our opinion does not exclude the possibility
that many of these plants also occupied elevated habitats during the late Paleozoic; they had
to have lived somewhere when basinal lowlands were dominated by vast peat-accumulating
swamps and other wetland habitats during climatically wet intervals. However, rather than
being exclusive to upland habitats, we assert that the dryland biome repeatedly dispersed into
basinal lowlands, in concert with glacial-interglacial rhythms, where its members thrived
equally well when climatic and edaphic conditions were suitable.

Finally, we consider it untenable that tectonism and associated changes in elevation and
sediment output were the main factors responsible for the marked reduction in the areal extent
of peat swamps near the Middle to Late Pennsylvanian boundary, or for the coincident
changes in dominance and diversity patterns observed in the peat-forming floras. Given that
the rate of mountain building is significantly slower than the rate of plant dispersal and
establishment, and that wetlands existed in elevated habitats well into the Late Pennsylvanian,
just as they do today where suitable climates prevail, a very slow increase in altitude and
topographic heterogeneity would not have created uniformly dry conditions over an area as
vast as the Variscan Mountains. To quote Pausas and Austin (2001: p. 153): “To advance in
understanding species richness patterns along environmental gradients, we emphasise the
importance of [...] using variables that are related to the growth of plants (latitudinal and
altitudinal gradients have no direct process impact on plant growth).” This observation
should have been as true in the late Paleozoic as it is today, notwithstanding the possibility
that plant physiologies differed radically from those of modern plants, for which there is

neither morphological nor geochemical evidence.
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Table and Figure captions

Table 1. Segregation of habitats, floral types, and main plant groups that existed in tropics of
Euramerican Pangea during the Pennsylvanian, depending on seasonality of precipitation and
climate. “Wet months” are months when rainfall exceeds evapotranspiration. Vegetation
present under a particular environmental regime shifted towards increasingly drought-tolerant
taxa during the Late Pennsylvanian and Permian (DiMichele et al., 2008: fig. 5; Looy et al.,
2014a: fig. 2; Fig. 10). Ecotone boundaries between wetland and dryland settings varied with
climate mode. Note that patches of clastic wetland also existed under dry subhumid
conditions, as discussed in the text. “Wet months”, precipitation regime, and seasonality
adapted from Cecil (2003: table 1). Floral types adapted and modified from DiMichele et al.
(2010a: table 1).

Table 2. Localities and lithostratigraphic units reviewed in Section 6, listed in stratigraphic
order (youngest to oldest) for each regional area (western Pangea, west-central Pangea,
central Pangea, and east-central Pangea) within three time-bins (early Permian,
Pennsylvanian-Permian transition, and Pennsylvanian). Designation of regional stages or
substages (i.e., North American or Western European) based on system applied in source

publication(s).

Figure 1. Two schematic illustrations of “upland model”, which invokes elevational
differences to explain the distribution of wetland and dryland vegetation in late Paleozoic
landscapes of equatorial Pangea. Drought-tolerant plants become progressively more
xeromorphic in tandem with increasing elevation, due to combination of slope and soil
drainage that results in moisture-limited substrates, despite humid background climate that
supports wetland vegetation and peat accumulation in contemporaneous lowlands. Presence
of dryland taxa in lowland fossil assemblages attributed to transport from local elevated
habitats. A. Cridland and Morris (1963: fig. 2, p. 83), based on upper Missourian (upper
Kasimovian) macrofloral assemblages in Rock Lake Shale, Garnett, Kansas, USA (see
Sections 6.2.2.6 and 7.1). Original figure caption: “Idealized profile of an Upper
Pennsylvanian landscape in Kansas. To the right of the figure there is a lowland coal swamp
community composed of Cordaites (C), Calamites (Ca), Lepidodendron (L), ferns and

pteridosperms (F) and Sigillaria (S). To the left of the figure there is a community of plants



growing on slightly higher, hence better drained and drier, soil. This community contains
Dichophyllum (D), Taeniopteris (T) and Walchia (W).” Copyright © 1963, University of
Kansas, Museum of Natural History. Used with permission. B. Dimitrova et al. (2011: fig. 6,
p. 566), based on palynological assemblages in upper Asturian to lower Cantabrian
(uppermost Moscovian) part of Sydney Mines Formation, Sydney Basin, Nova Scotia,
Canada (see Section 7.3). Original figure caption: “Reconstruction of the succession of late
Middle Pennsylvanian lowland vegetation of the Canadian Maritimes, between the peat-
substrates swamps (left) and the more xeric clastic substrates (right).” Some text enlarged
from original for legibility. Copyright © 2011, The Geological Society, London. Used with
permission of the artist (Christopher J. Cleal, National Museum Wales, Cardiff).

Figure 2. Distribution of wetland and dryland biomes in late Paleozoic landscapes of
equatorial Pangea explained by the “climate model”. Four reconstructions of basinal lowland
vegetation at a single hypothetical locality, with differences in plant composition dependent
on time interval involved and prevailing climate mode. A. Middle Pennsylvanian peat swamp
under humid climate mode. Lycopsids (Lepidophloios) predominate above patchy understory
of tree ferns and pteridosperms. B. Same locality after shift to (dry) subhumid climate mode
during the Middle Pennsylvanian. Landscape (undergoing seasonal flooding) blanketed by
forest of large, “dryland” cordaitalean trees, with understory and groundcover of
pteridosperms and tree ferns mainly restricted to flanks of swollen fluvial channel, where
preservation potential was amplified. C. Same locality during the Late Pennsylvanian under
humid climate mode. Peat swamp dominated by tree ferns, with emergent lycopsids
(Sigillaria) and pteridosperms in understory. D. Same locality after shift to semiarid climate
mode during the Late Pennsylvanian. Open woodland dominated by walchian conifers, with
groundcover of small pteridosperms and ferns, and calamitaleans lining ephemeral stream in
seasonal flood. All illustrations used with permission of the artist (Mary Parrish, National

Museum of Natural History, Smithsonian Institution).

Figure 3. Paleogeographic reconstruction of Earth during the latest Pennsylvanian (300 Ma),
showing major features of assembling Pangean supercontinent and surrounding oceans. From
Global Paleogeography and Tectonics in Deep Time Series (https://deeptimemaps.com/), ©

2016 Colorado Plateau Geosystems, Inc. Used with license.



Figure 4. Stratigraphic positions of reviewed localities and lithostratigraphic units, excluding
those from the Czech Republic (Fig. 5). Chronostratigraphic chart shows correlations between
global and regional (North American and Western European) divisions of Pennsylvanian
Subsystem (after Davydov et al., 2012: fig. 23.1; Richards, 2013: fig. 2) and Cisuralian Series
(lower Permian; after Henderson et al., 2010: fig. 23.1; Lucas and Shen, 2017: fig. 4).
Incomplete chronostratigraphic units marked with asterisk. See Section 6.1 for discussions on
modified placement of Bolsovian-Asturian Substage, Missourian-Virgilian Stage, and
Virgilian-Wolfcampian Stage boundaries. Position of traditional Desmoinesian-Missourian
Stage boundary, which coincides with a major floristic reorganization event in peat-swamp
floras in the USA, marked with row of asterisks, slightly below revised Desmoinesian-
Missourian boundary. Localities and lithostratigraphic units listed in approximate order
(numbered 1 to 30) presented in Section 6 and Table 2; those from western Pangea (western
USA) in pink circles, west-central Pangea (Midcontinent to Appalachian regions of USA) in
yellow hexagons, central Pangea (Atlantic Canada) in green squares with inverted corners,

and east-central Pangea (Europe) in blue squares.

Figure 5. Stratigraphic positions of reviewed lithostratigraphic units from the Czech
Republic. Chronostratigraphic chart shows global divisions for upper portion of
Pennsylvanian Subsystem (after Davydov et al., 2012: fig. 23.1; Richards, 2013: fig. 2) and
lower portion of Cisuralian Series (lowermost Permian; after Henderson et al., 2010: fig. 23.1;
Lucas and Shen, 2017: fig. 4), correlated to radioisotopically constrained Western European
divisions, based on high-precision dates from the Czech Republic (Oplustil et al., 2016b,
2016c, 2017b) and Autun Basin of the French Massif Central (Pellenard et al., 2017).
Incomplete chronostratigraphic units marked with asterisk; “L. P.”: Lower Pennsylvanian;

Artinskian Stage begins at 290.1 Ma.

Figure 6. Map of contiguous USA, with current distribution of basins that contain coal-
bearing strata of Pennsylvanian age. Position of reviewed localities and study areas of
lithostratigraphic units shown: Pennsylvanian (blue squares), Pennsylvanian-Permian
transition (green triangle), and Permian (red circles and hatching). Thick hatched line
separates western Pangea (western USA) and west-central Pangea (Midcontinent to

Appalachian regions of USA), as used herein. North arrow applies to center of map.



Figure 7. Map of Atlantic Canada (central Pangea, as used herein), showing current onshore
distribution of (sub)basins that comprise Maritimes Basin (mainly upper Devonian to lower
Permian strata). Position of study areas of reviewed Pennsylvanian lithostratigraphic units

noted with blue squares.

Figure 8. Map of Europe, with current distribution of (sub)basins that generally contain coal-
bearing strata of Pennsylvanian to Permian age (coal may be negligible or absent in some
depocenters). Position of reviewed localities or study areas of lithostratigraphic units noted as
blue squares (Pennsylvanian) and green triangles (Pennsylvanian-Permian transition; regional
Iberian Peninsula survey denoted as green hatching). Other basins mentioned in text
identified. Thick hatched line separates east-central Pangea (majority of Europe) and eastern

Pangea (easternmost Europe), as used herein. North arrow applies to center of map.

Figure 9. Schematic stratigraphic log for uppermost Duckmantian Lower and Upper Radnice
coals (Lower Radnice Member, Kladno Formation) in Kladno-Rakovnik Basin, Czech
Republic (modified from Oplustil et al., 2016a: fig. 1b). Almost all plant fossils in tuff at base
of the Whetstone Horizon (B¢lka, directly overlying Lower Radnice Coal) and tuffs
intercalated within the Upper Radnice Coal (e.g., Velka opuka) represent peat-swamp
vegetation buried in place. In contrast, almost all plant fossils in laminated, lacustrine tuffite
in upper part of Whetstone Horizon (Brousek) and (where present) Velka opuka represent
vegetation transported from outside of the peat-forming environment. See Section 6.2.4.2 for
detailed discussions on sedimentology, taphonomy, and paleoecologic context of plant

remains in Lower Radnice Member.

Figure 10. Schematic illustration of an updated “climate model”, demonstrating how wetland
and dryland biomes tracked climate in equatorial Pangea during the late Paleozoic. Each panel
in three broad time slices (Early/Middle Pennsylvanian, Late Pennsylvanian, and early
Permian) represents potential scenario for how climate zones and corresponding vegetation
were distributed across a hypothetical continent-scale landscape, depending on climate mode
present in basinal lowlands. Note distance between adjacent climate zones at scales of 100s to
1000s of kilometers (see variable scale bar in upper panel). Only (sub)biomes in basinal
lowlands fall within “preservation window”, where potential exists for long-term preservation
(10%-year) of identifiable plant fossils; vegetated extrabasinal regions provide no long-term

preservation potential. Rhythmic expansion and contraction of wetland and dryland biomes



intricately linked to glacial-interglacial cycles operating on various temporal scales. See Fig.

11 for legend, and Section 7.5 for detailed explanation.

Figure 11. Legend to Fig. 10, showing key to symbols used for climate modes, (sub)biomes,

and plant taxa.
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