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A B S T R A C T
The Paleophytic, Mesophytic and Cenophytic were originally conceptualized as chronostratigraphic intervals
(not speciﬁc ﬂoras) and were used principally in that way for about 100 years. They supposedly reﬂected
massive, irreversible biotic changes on land that were thought to have happened about half a geological
period prior to the changes in marine faunas that mark the more traditional geological era boundaries. The
terms were applied initially only to terrestrial rocks from the Euramerican portions of equatorial Pangea,
especially parts of central Europe, where the boundary between the Paleophytic and Mesophytic, the “eras”
of interest here, was placed at the top of the German Rotliegends. More recently, the terms have been
coopted to describe vegetation types (not chronostratigraphic units), even to the point where speciﬁc
Linnean ordinal or class level clades (evolutionary lineages) of plants have been attributed solely to one
vegetation type or the other at a global level. Furthermore, the “Paleophytic–Mesophytic” transition has been
recognized in the largely taxonomically distinct vegetation types of temperate as well as the equatorial
paleolatitudes. The result of this conceptual coopting of terms that already were of questionable value, is a
blurring of the concepts almost to the point of meaninglessness. A reading of the literature indicates
confusion in terms of what represents the “Paleophytic” ﬂora vs. the “Mesophytic” ﬂora, the botanical basis
for the ﬂoras and the taxonomic scale at which they can be recognized, the geographic pattern and temporal
correlation of the supposed transition, and the evolutionary and ecological signiﬁcance of the vegetational
changes these terms supposedly capture. We propose that these terms be completely and utterly abandoned
as confusing and, worse yet, misleading. Evidence suggests that Paleozoic vegetation tracked climate, which
should not come as a surprise in light of what is known of plant dynamics in the Holocene and Recent.
Furthermore, the evidence for a global “Paleophytic” vs. “Mesophytic” “vegetation” is simply unsubstantiated
by the fossil record. Rather, there appears to have been a complex of global species pools reﬂecting climate at
many spatio-temporal scales. The vegetational changes occurring in the late Paleozoic thus can be
understood best when examined as spatial–temporal changes in biome-scale species pools responding to
major global climate changes, locally and regionally manifested.
Published by Elsevier B.V.

1. Introduction
Paleobotanists have long accepted that the sweeping marine biotic
changes characteristic of the major geological Era boundaries of the
Phanerozoic were presaged by biotic changes on land by nearly a
geological Period. Major changes in terrestrial plant groups, especially
those of the ancient equatorial lowland regions, are marked by shifts
in dominance from spore-producing and primitive seed plants to
advanced seed plants during the Permian Period, which were replaced
subsequently by the ﬂowering plants during the later Early Cretaceous. Potonié (1899) makes what is perhaps the earliest reference to
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these changes, describing a “Period of the Zooidogamous Plants”,
ranging up to the end of the Rotliegend (Early Permian), and a “Period
of the Dicots”, which begins in the Early Cretaceous, and something in
between that remained unnamed. This concept was reﬁned by Gothan
(1912), who deﬁned a Paleophytic, Mesophytic, and Cenophytic
(Paläozoikum der Pﬂanzenwelt, Mesozoikum der Pﬂanzenwelt,
Känozoikum der Pﬂanzenwelt) (Fig. 1). Gothan and others also used
different terms to subdivide the plant world, but these followed the
same basic scheme for plants of the post-Middle Devonian. Initially
these terms were meant to describe the succession of dominance
changes among the major plant groups, not-so-much wholesale,
catastrophic changes but rather changes in the relative proportions of
major groups through time. In effect, these terms were meant to
reﬂect major, irreversible changes in terrestrial dominance-diversity
patterns that were perceived as chronostratigraphic units.
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Fig. 1. Figure and caption from Gothan (1912). “Graphische Darstellung des Auftretens
der wichtigsten Pﬂanzengruppen”, translated as: Graphic reconstruction of the
occurrences of major plant groups. Plant groups include algae (Algen), fungi (Pilze),
mosses (Moose), and ferns (Farne). Reproduced with permission of Elsevier Scientiﬁc
Publishers from Gothan, W. 1912. Paläobotanik. In: Korschelt, E., Linck, G, Schaum, K.,
Simon, H. Th., Verworn, M., and Teichmann, E. (eds.), Handwörterbuch der Naturwissenschaften. Jena: Gustav Fischer Verlag, pp. 408–460.

The change from the so-called Paleophytic to the Mesophytic “era” was
deﬁned in the German stratigraphic section, principally as occurring
between the fossiliferous part of the Rotliegend (which is now believed to
end, more or less, in the middle part of the Early Permian) and the
Zechstein (beginning in the early part of the Late Permian) (e.g., R. Potonié,
1952; Gothan and Weyland, 1954; Kerp and Fichter, 1985). In his original,
chronostratigraphic formulation, Gothan (1912) characterized the Paleophytic as composed mainly of lycopsids, ferns, sphenopsids, and primitive
gymnosperms, the latter of a type typical of the Carboniferous. He
acknowledged the rise of advanced gymnosperms near the end of the
Paleophytic but placed the beginning of the Mesophytic at the time when
conifers rose to vegetational dominance and the Carboniferous elements
disappeared. The large temporal gap between the Rotliegend and
Zechstein was not recognized at this time and ecological dominance was
implicitly equated with apparent commonness of occurrence of particular
plant groups. The more detailed spatio-temporal ecological patterns of
plant co-occurrences were not considered, however, such as recognition
that the period of “overlap” was not one of a mixed ﬂora but rather the
temporal intercalation or interdigitation of two distinct ﬂoras.
Differentiation of a Paleophytic “ﬂora” and a Mesophytic “ﬂora”, as
opposed to time stratigraphic units of the same name, began with the
recognition that the dominant elements of these two stratigraphic
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units in fact rarely occurred together in space. The discovery of what
seemed to be typically Permian plants or pollen grains occurring
rarely in Pennsylvanian lithological sequences, otherwise dominated
by typically Pennsylvanian wetland “swamp” plants suggested a
hinterland vegetation coexistent with that of the wetlands (e.g.,
Gothan and Gimm, 1930; Moore et al, 1936; Schopf et al., 1944; Read,
1947; Potonié, 1952; Cridland and Morris, 1963; Havlena, 1971; Remy,
1975). These developments were summarized by Fredericksen (1972)
who formally separated the “Paleophytic” and “Mesophytic” ﬂoras
from the stratigraphic units of the same name. Knoll (1984) later
differentiated the two ﬂoras, identiﬁed a “transitional” ﬂora, and
argued for a time transgressive, west-to-east, change in landscape
dominance from one ﬂora to the other during the Permian.
Kerp (1996, 2000) recognized the confounding of time stratigraphic with vegetational terms and the confusion thus caused, and
recommended abandonment of the terms altogether. He elaborated
the interplay of different terminological approaches to this vegetational turnover, each set of terms reﬂective of different viewpoints of
the problem (basinal vs. extrabasinal ﬂoras; time and place of
evolutionary innovations; biogeographic overprints; regional timing
differences).
The confounding of the concepts of Paleophytic and Mesophytic
eras vs. vegetation types can be seen as ﬁlling a need for a ﬂoristic/
vegetational concept for what might be called “biomes” today.
Landscapes of the time were actually composed of multiple, distinct
ﬂoras, or “species pools”. The terminological difﬁculties and associated
confusion have arisen because, indeed, despite sharp compositional
differences, there is no sharp temporal break separating the occurrences of these many distinct ﬂoras, which appear to be characteristic
of different environmental conditions, broadly climate (Ziegler, 1990;
Rees et al., 1999), inclusive of such things as ground water availability
(Cleal and Thomas, 2005), temperature, and in part of changing
proximities to depositional basins (Gothan and Gimm, 1930; Havlena,
1971; Gastaldo, 1996). As generally envisioned for Euramerican parts of
the equatorial regions of the later Carboniferous and earliest Permian,
these ﬂoras interdigitate spatio-temporally, even at the outcrop-scale,
but have few species in common (Kerp and Fichter, 1985; Mapes and
Gastaldo, 1987; Broutin et al., 1990; DiMichele and Aronson, 1992;
DiMichele et al., 2005b). These patterns indicate coexistence during
the Pennsylvanian in the equatorial regions long before typically
Permian elements rose to dominance in the lowlands.
Further confounding the way the “transition” has been envisioned
was, ﬁrst, Gothan's (1912) original deﬁnition, in which he allowed for
the stratigraphic overlap of the earliest conifers with the typical
Carboniferous wetland ﬂora (Fig. 1). The conifers of the Early Permian
(Rotliegend) are distinct from those of the Late Permian (Zechstein),
and actually comprise two distinct species pools. The early conifers
became evidence for a transition between the supposed “two” ﬂoras.
The second confounding matter has been a persistent attempt to
shoehorn elements from the several different species pools/biomes
into two “ﬂoras”, the so-called Paleophytic and Mesophytic, with the
concept even expanded to include ﬂoras from the northern and
southern temperate zones (e.g. Rees, 2002).
Accumulated evidence unequivocally demonstrates the coexistence of several distinct vegetation types in the equatorial regions
deep into the Carboniferous (Daber, 1959; Havlena, 1971; Leary and
Pfefferkorn, 1977). These can be juxtaposed generally as ﬂoristic pairs,
one typical of wetter, more humid conditions vs. one typical of
somewhat-to-much drier conditions. The occurrence as “pairs”
reﬂects proximity of the rarer, “outlier” ﬂora to the more commonly
encountered ﬂora of the depositional basins. Yet more spatially
remote vegetation types appear progressively later in time. Depending
on the time and place of the ﬂoristic comparisons to be made, different
pairs of distinct ﬂoras coexisted regionally as early as the Middle
Mississippian (Daber, 1959; Chalot-Prat and Galtier, 1989), during the
Early and through the Middle Pennsylvanian (Leary and Pfefferkorn,
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1977), or the early Middle Pennsylvanian through the Early Permian
(Scott and Chaloner, 1983; Lyons and Darrah, 1989; DiMichele et al.,
2006). It is this last case, which involves the appearance of a ﬂora rich
in primitive conifers and other derived seed plants, that represents the
classical Paleophytic–Mesophytic ﬂoral contrast (though not the
vegetation types originally envisioned across the Paleophytic–Mesophytic stratigraphic boundary). These two ﬂoras appear to be
environmentally distinct, effectively representing different biomes.
Furthermore, recent ﬁndings have documented yet additional vegetation types/biomes within the Permian equatorial regions, some
containing taxa previously known only from the Upper Permian or
Mesozoic (e.g., Kerp et al., 2006; DiMichele et al., 2001; Looy, 2007).
Thus, as argued by Kerp (1996, 2000), the terms “Paleophytic” and
“Mesophytic” should be abandoned and replaced by more detailed
descriptions of the patterns, and of the possible processes underlying
the patterns, during this important transitional time in Earth history.
The terms have not proven robust as chronostratigraphic entities.
Neither do they summarize the reality of late Paleozoic global
vegetational patterns, nor even the patterns in the equatorial region.
Furthermore, the patterns of change in terrestrial ﬂora and fauna
should be tied to modern ecological concepts reﬂective of the way in
which biota respond to environmental conditions and changes

therein. Terminology must be modernized, as much as possible, and
be reﬂective of plant responses to environmental change. There is
ample evidence from modern plant biogeography, from burgeoning
studies of plant distributional changes accompanying Holocene glacial
advances and retreats (Delcourt and Delcourt, 1991), and from
detailed studies of plant responses to ancient pulses of global
warming (e.g., Wing et al., 2005; Tabor et al., submitted for
publication), that plants track climate. Furthermore, there is arguable
evidence that plant and animal “individualistic” responses, while
undeniable, must be viewed from the perspective of spatio-temporal
scale. They largely occur within rather than between biomes, the
variously sharp boundaries of which may reﬂect atmospheric
boundaries and hence breaks or transitions in prevailing climatic
conditions (Alroy, 1999; Ziegler et al., 2003; DiMichele et al., 2005a).
2. Context of the late Paleozoic vegetational transition
2.1. Sampling
The geological record of ﬂoral changes during the late Paleozoic
varies greatly in quality among major ﬂoristic realms. The concept of
Paleophytic and Mesophytic Eras was based on ﬂoras from equatorial

Fig. 2. Proportional diversity per stage (bin) within geographic regions of genera grouped into the categories Paleophytic, Unassigned, Sphenopsids, and Mesophytic. Bar width
represents total number of localities within any one stage (bin), also indicated beneath bar. Stage indicated above bar. Data from Rees, 2002 (data repository Table 2).
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Pangea (speciﬁcally central Europe), which encompasses both everwet and seasonally dry vegetation types. The data set compiled by
Alister Rees (2002), redrawn in our Fig. 2, shows that the equatorial
tropical regions of Europe and North America in fact lack plant fossils
or contain few reported fossil assemblages at critical time intervals
during the Permian. The Chinese record ﬁlls some of these gaps, but is
thin at other important times. However, the physical evidence for this
transition remains a composite with missing data from some
signiﬁcant times and areas.
The temperate realms of Angara and Gondwana, and the
paratropical region of North China have good records, based on the
number of known fossil deposits. Temporal correlations and thus
comparisons of patterns of vegetational change between the higher
latitude areas and the equatorial regions are difﬁcult. Furthermore,
there are limited ﬂoristic overlaps among any of these ﬂoristic realms,
so that the very concepts of “Paleophytic” and “Mesophytic”
vegetation types must be called into question when extended to the
higher latitudes (there undoubtedly are vegetational changes in these
regions, possibly under the same large scale global climatic forcing
factors that affect the tropics). On the largest spatial scales, peak
occurrences of fossil deposits vary between ﬂoristic realms, meaning
that “global trends” tend to be composites of disjoint regional
patterns, potentially obscuring these broader global controls.
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2.2. Climatic conditions
There is excellent support from physical environmental data for
progressive drying in equatorial Pangea during the Permian, summarized in Fig. 3, which would have had a major effect on the distribution
of plants during this time period. The geology of the PermoCarboniferous Pangean continental tropics, and its climate evolution,
is understood best from basins in the southwestern and eastern U.S.A.,
the Maritimes of eastern Canada, western and central Europe, and the
east-Asian tectonic blocks that include parts of southern Mongolia and
China (e.g., Ziegler et al., 1997). Abundant coals, bauxites and laterites
in Pennsylvanian strata among all these regions suggest warm, moist
and equable climate across most of the Pangean tropical latitudes (e.g.,
Ziegler et al, 1997, 2002; Tabor and Montañez, 2002, 2004; Roscher
and Schneider, 2006; Noe, 1930; Halle, 1935; Scott and Rex, 1985; Jia
and Wu, 1996; Jia et al., 2001; Cleal and Wang, 2002). These climatesensitive lithologies suggest that these regions received mean annual
precipitation in excess of ∼ 1200 mm/yr (Tabor, this volume).
However, ecosystems characterized by seasonal variations in soil
moisture availability, net soil moisture deﬁciency, and mean annual
precipitation values b900 mm/yr (Royer, 1999; Tabor, this volume)
were present, at least intermittently, in northwestern tropical Pangea
during the Pennsylvanian (Joeckel, 1999; Tabor and Montañez, 2004;

Fig. 3. Inferred temporal trends in climate based on stratigraphic changes in climate-sensitive lithologies across tropical Pangea. “Humid” indicates the presence of climate-sensitive
lithologies corresponding to humid conditions (N1000 mm/yr) and most months (∼9) with precipitation in excess of evapotranspiration, including coal, laterite and bauxite. “Arid”
indicates the presence of lithologies corresponding to dry conditions with precipitation less than ∼300 mm/yr, and less than 5 months/yr with precipitation in excess of
evapotranspiration, including paleosol proﬁles with evaporite minerals (e.g., gypsum) and carbonate. The shaded gray areas indicate stratigraphy with evidence of distinct
seasonality, such as vertic paleosol morphology (e.g., Tabor and Montañez, 2004) and fusain (Falcon-Lang, 2000). The schematic climate curves are developed from Tabor and
Montañez (2002, 2004), Mack (2003), and DiMichele et al. (2006) for the western Pangean basins, from Ziegler et al. (2002) for the Maritimes Basin, from Roscher and Schneider
(2006) for the Lodève Basin, from Yang et al. (2007) for the Junggar basin, and from Rees et al. (2002) for the North Chinese Block.
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Falcon-Lang, 2003), indicated by vertisols, calcic vertisols and Calcisols
in the basins between ∼ 5 and 15° on the North American tectonic
plate. The coal- and laterite-bearing Pennsylvanian strata of the North
American and European plates are replaced in the Lower Permian by
paleosol morphologies such as Vertisols, calcic Vertisols and Calcisols
(Tabor and Montañez, 2002; 2004; Ziegler et al., 2002; Roscher and
Schneider, 2006; Schneider et al., 2006). This trend is suggestive of a
rapid and great aridiﬁcation of western tropical Pangea at or very near
the Permo-Carboniferous boundary (Fig. 3). This aridiﬁcation event
might have included a signiﬁcant drop in mean annual precipitation
values from N1200 to b∼ 900 mm/yr. There was apparently a
progressive trend toward generally drier climate that developed
over the western Pangean tropics in the North American and
European plates, with mean annual precipitation values becoming
b300 mm/yr (Watson, 1992), based upon the presence of paleosol
morphologies that include evaporite minerals in upper Lower Permian
and Upper Permian strata of North America and Europe (Mack and
Dinterman, 2002; Cassinis et al., 1988).
Several recent studies have demonstrated the potential for
quantitative reconstructions of continental paleoclimate from authigenic minerals. These proxies primarily focus on the elemental
composition of paleosols as estimates of paleoprecipitation (e.g.,
Sheldon et al., 2002; Sheldon and Retallack, 2004; Driese et al., 2005;
Prochnow et al., 2006) and light stable isotope composition of
authigenic minerals (Yapp, 1983, 1987, 1993, 2001; Yapp and Poths,
1992; Delgado and Reyes, 1996; Vitali et al., 2002; Tabor and
Montañez, 2002, 2005; Tabor et al., 2002, 2004a,b; Tabor and Yapp,
2005) and ﬂuid inclusions (Benison and Goldstein, 1999) as estimates
of paleotemperature. With the exception of western equatorial Pangea
(Tabor and Montañez, 2002, 2005; Tabor et al., 2002, 2004a,b),
however, quantitative paleoclimate reconstructions of this sort have
not been applied to Permo-Carboniferous terrestrial strata. Nevertheless, those studies provide light stable isotope evidence for (1)
transition from nearly perennially wet soil moisture conditions in
Pennsylvanian strata to distinct seasonal variations in soil moisture
availability (possibly monsoonal) across the Permo-Carboniferous
boundary. Furthermore, there is evidence for generally progressively
greater soil moisture deﬁciency through Lower and Middle Permian
strata (Fig. 3) and (2) signiﬁcant change in mean annual temperature,
from ∼22° ± 3 °C to ∼ 35° ± 3 °C, across the Permo-Carboniferous
boundary in the eastern Midland basin of north-central Texas. In this
regard, the quantitative paleoclimate reconstructions appear to agree
very well with lithologic-based paleoclimate reconstructions in this
region. These indicators of rapid climate change across the PermoCarboniferous boundary would have undoubtedly impacted tropical
ecosystems. In particular, decreased soil moisture availability, in
conjunction with increased evapotranspiration associated with an
∼ 10°–13 °C temperature increase, could have lowered local- to
regional-scale water tables and should have favored ﬂoras with
adaptations for drought tolerance and survival under conditions of
seasonal moisture deﬁciency. Such a climatic change would have
driven the shift in plant spatial distributions that is reﬂected in the
tropics at this time.
3. Late Paleozoic tropical biomes and their spatio-temporal
distribution
The manner in which the distribution of ancient plants has been
described and the degree to which such patterns have been resolved
both spatially and taphonomically provides a key framework within
which vegetational change through time is, has been, and can be
understood. Historically, the geographically distinct fossil ﬂoras from the
Carboniferous and Permian were conceptualized as ﬂoristic provinces or
realms (e.g., Chaloner and Lacey, 1973; Chaloner and Meyen, 1973;
Raymond, 1988). This treatment captured major biogeographic patterns
but did not provide a terminology that permitted clear resolution of

patterns within the various ﬂoral realms or at relatively ﬁnely resolved
time scales. Nor did it allow for a spatio-temporal understanding of the
change from the wetland ﬂoras typical of the Carboniferous to the
seasonally dry ﬂoras typical of the Permian. Reconceptualization of
spatial patterns in terms of climatically sensitive biomes by Ziegler and
his colleagues (Ziegler, 1990; Rees et al., 1999) changed the nature of the
way these spatio-temporal vegetational changes could be visualized,
tying plant distributions and sharp compositional breaks between ﬂoras
to climatic patterns (Ziegler et al., 2003).
Paralleling these biogeographic studies were others that were
attempting to explain the sporadic stratigraphic occurrences or
incursions into basinal areas of unusual fossil plants, clearly indicative
of non-wetland ﬂoras, which were rarely seen in basinal lowlands of
the Pennsylvanian. Such ﬂoras were assumed to be growing in the
equatorial regions but outside areas where preservation was likely,
what might be considered a “taphonomic megabias” in the terminology of Behrensmeyer and Hook (1992) or Behrensmeyer et al. (2000).
These occurrences gave rise to terminological debates about
“uplands”, “extrabasinal lowlands” and so forth (e.g., Gothan and
Gimm, 1930; Chaloner, 1958; Cridland and Morris, 1963; Havlena,
1971; Pfefferkorn, 1980). Such conceptual considerations were not
linked clearly to the biogeographic studies, although they led to
natural linkages with the biome-thinking of Ziegler's group. Ziegler
and his colleagues were working with fairly coarsely resolved patterns
(dividing the Permian world as a whole, for example, into a series of
static biomes and averaging ﬂoral composition into bins of temporal
durations far exceeding the scale of climatic ﬂuctuations), and while
the biome approach was a major conceptual advance, it did not
incorporate the taphonomic component that would permit linkage to
the spatio-temporal terminological struggles that accompanied
attempts to explain the vegetational change in the latest Carboniferous–Early Permian equatorial regions.
More recent studies of late Paleozoic vegetational changes through
time, including the early appearances of unexpected elements, such as
conifers, have begun to address explicitly the relationship between
climate, plant distribution, taphonomy, and preservational likelihood,
initially implicitly adopting the biome approach but more recently
doing so explicitly (e.g., Mapes and Gastaldo, 1987; Broutin et al., 1990;
DiMichele and Aronson, 1992; Kerp, 1996; DiMichele et al., 2002,
2005a; Kerp et al., 2006). From these studies, a more conceptually
reﬁned understanding of the so-called “Paleophytic–Mesophytic”
transition is emerging.
Many studies have contributed to the gradual development of this
understanding, ﬁtting together much like pieces of a puzzle. Some of
these are described brieﬂy below. They can be categorized roughly
into three kinds of studies, with high degrees of overlap among them.
Taken together, they present both a historical developmental
sequence and a basis for emergence of our current understanding.
(1) The oldest focus was on the recognition and description of
contemporaneous but compositionally distinct vegetation types in the
general equatorial region. (2) The coexistence of different kinds of
vegetation led to explanation by way of spatial distribution within the
tropical landscape, particularly as related to drainage, elevation, or
preservational potential. (3) Finally, attempts have emerged to tie
vegetational patterns to distinct environmental conditions, including
climates.
3.1. Vegetational distinctiveness — proof of more than one kind of
coexistent vegetation
Leary and Pfefferkorn (1977) and Leary (1981) described distinctive
Early Pennsylvanian ﬂoras from the northwestern margin of the
Illinois basin. These ﬂoras are dominated by plants with uncertain
distributions subsequently, such as Megalopteris and Lesleya. Lesleyarich ﬂoras occur sporadically (personal observations of the authors)
into the Middle Pennsylvanian (late Moscovian: Westphalian C–D:
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Duckmantian–Asturian) of the Illinois basin, within otherwise typical
coal-roof shale ﬂoristic sequences, suggesting a long period of
coexistence of these kinds of ﬂoras in the American mid-continent,
where conifer-rich ﬂoras are rare but present (Plotnick et al., 2008).
Gothan and Gimm (1930) early recognized distinct ﬂoras from the
coal basins of the German Rotliegend, dividing them into basinal (coal
facies) ﬂoras and extrabasinal or hinterland ﬂoras. Havlena (1961),
summarized succinctly in English by Gastaldo (1996), recognized
distinct differences between ﬂoras from the roof shales of coal beds
and from the rocks between the immediate coal-roof shale packages in
latest Mississippian/Serpukhovian age intermontane basins of central
Europe (at the time, these rocks were considered to be Namurian A of
the Late Carboniferous). He proposed that the wetland ﬂoras, which he
termed “ﬂöznah” were growing close to coastal wetland habitats. The
interbed ﬂoras, termed “ﬂözfern” were envisioned as growing in
habitats that were more inland, growing in alluvial plain settings.
These two kinds of ﬂoras are not substantially different in generic
composition, differing rather in common species, reﬂecting gradational differences perhaps within one similar climatic belt.
The coexistence of “upland” or “extrabasinal” tropical ﬂoras rich in
cordaitalean gymnosperms with lowland wetland ﬂoras has been
hypothesized on the basis of a variety of lines of evidence. Chaloner
(1958) ﬁrst suggested such an association based on palynological
studies of coals and marine shales. Gastaldo and Degges (2007)
reported “log jams” composed of cordaitalean trunks, evidently
transported from extrabasinal areas and trapped within typically
wet, lowland depositional settings. Falcon-Lang and Scott (2000)
found in situ cordaitalean ﬂoras in red bed deposits from the Early
Pennsylvanian Joggins section in Nova Scotia, in close association, but
not intermixed with, more typically wetland ﬂoras. The cordaitaleans
clearly were a diverse and widely distributed group, with some taxa
seemingly specialized for wetland swamp settings (Cridland, 1964;
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Raymond and Phillips, 1983; Costanza, 1985; Trivett and Rothwell,
1991), and other, generally larger forest-tree-sized forms growing
along streams in better drained parts of the tropical wetlands. This
contrast may parallel, to a large extent, the patterns described by
Havlena (1971).
During their study of ﬂoras from the Kansas coal measures,
Cridland and Morris (1963) encountered and described in detail the
ﬂora from Garnett, Kansas of Late Pennsylvanian age, ﬁrst recognized
by Moore et al. (1936). Sandwiched in the midst of otherwise typical
coal roof-shale ﬂoras, dominated by tree ferns and pteridosperms, the
Garnett ﬂora is dominated by the conifer Walchia and associated
derived seed plants. Cridland and Morris (1963) hypothesized that
two ﬂoras existed contemporaneously in the tropics. One of these
ﬂoras was characteristic of swampy lowlands, with the other
envisioned as growing in better drained upland habitats, a juxtaposition represented in a widely reproduced and inﬂuential ﬁgure
(reproduced here as Fig. 4). Similar kinds of ﬂoristic discontinuities
have since been described in detail from sporadic occurrences in
Upper Pennsylvanian sequences in many parts of the United States,
from the Appalachian basin, through the mid-continent, to the intermountain west. The best described of these include the 7–11 ﬂora
from Ohio (McComas, 1988), the Kinney Quarry from New Mexico
(Mamay and Mapes, 1992) and the Hamilton Quarry from Kansas
(Rothwell and Mapes, 1988). These are all examples of classic
“Paleophytic” vs. “Mesophytic” ﬂoras.
3.2. Spatial distinctiveness
Implicit in the concept of distinct ﬂoras/vegetation types is spatial
distinctiveness. This concept was clearly elaborated by Chaloner
(1958) to explain the abundance of cordaite pollen in nearshore
marine sediments, overlying coal beds. He imagined the cordaites to

Fig. 4. Cridland and Morris (1963), Fig. 2 and caption. “Idealized proﬁle of an Upper Pennsylvanian landscape in Kansas. To the right is a lowland coal swamp community composed of
Cordaites (C), Calamites (Ca), Lepidodendron (L), ferns and pteridosperms (F), and Sigillaria. To the left is a community of plants growing on slightly drier, hence better drained and
drier, soil. This community contains Dichophyllum (D), Taeniopteris (T), and Walchia (W).” Reproduced with permission of the University of Kansas, Natural History Museum.
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be “upland” plants, shedding pollen into river courses that passed
through peat-rich areas, supposedly lacking in cordaites. Cordaitean
abundance in peat-forming vegetation of the early Middle Pennsylvanian has since been established unequivocally (e.g., Phillips and
Peppers, 1984), however, Chaloner's original idea of cordaitean trees in
the drier or better drained parts of the humid climate belts has also
been documented by macrofossil evidence (e.g., Falcon-Lang, 2003;
Gastaldo and Degges, 2007).
Cridland and Morris (1963), upon discovery of the distinctive,
conifer-rich Garnett ﬂora in Kansas, proposed spatial and environmental separation within the equatorial regions to explain the
compositional distinctiveness of this unusual ﬂora from that typical
of wetlands. In their original ﬁgure (Fig. 4), they show the conifer-ﬂora
positioned in areas of higher elevation and presumed better drainage
than the ﬂora of peat mires and wet ﬂoodbasins. As with Chaloner's
original concept of “upland” vegetation, this reconstruction was not
supported by direct evidence of such higher elevation areas.
A more direct inference of spatial position was made by Havlena
(1971), with regard to subﬂoras within the general wet climate belts of
the equatorial regions. Based on adpression assemblages, he made
note of two distinct kinds of vegetation. These correspond broadly to
the same overall species pool, or at least were drawn from the same
basic generic and family level clades. One type of ﬂora occurred
principally in the roof shales of coal beds, presumably growing under
wet climatic conditions similar to those under which the peats had
been deposited. He also inferred that such ﬂoras most likely were
drawn from species pools acclimated to growth in wet areas, much as
had been inferred for the peat deposits. Consequently he named these
ﬂöznah — close to the peat. Floras drawn from between the coal beds,
however, were different from those of the roof shales, which led
Havlena to presume an origin in areas somewhat more distant from
the coastal regions, deposited in what might be thought of as alluvial
plains. He referred to these as the ﬂözfern — distant from the peat.
Havlena's (1971) ideas address the question of what may have been
growing in coastal areas between times of peat formation and parallel
the inferences of Gothan and Gimm (1930).
Somewhat more difﬁcult to reconcile are the occurrences of the
Megalopteris ﬂora (mentioned above — Leary and Pfefferkorn, 1977)
within the basinal lowlands well into the middle part of the
Westphalian, as late as the Bolsovian–Asturian boundary (Westphalian C–D). Such ﬂoras have been found in fortuitously preserved slump
blocks between coal beds in the eastern parts of the Illinois Basin. This
is not a typical “ﬂözfern” ﬂora, nor does it contain any elements of the
conifer-rich ﬂoras typical of the Permian that make their ﬁrst
appearances in the basinal lowlands around this same time (Lyons
and Darrah, 1989). The plants that make up this ﬂora clearly preferred
habitats that were better drained/drier than those of the wetland
vegetation most commonly encountered in the Pennsylvanian coal
belts of the paleoequatorial regions. The elements of these ﬂözfern
ﬂoras also appear to have been long persistent temporally, deduced
from their stratigraphic record, indicating landscape complexities that
presently are not understood (reﬂecting the assertions of Kerp, 1996,
that much of the confusion surrounding these matters devolves from
the incompleteness of the terrestrial fossil record).
The traditional “Mesophytic” ﬂora, mainly the conifers, have long
been assumed to have originated outside of the wet regions of the
tropical equatorial lowlands. Lyons and Darrah (1989) summarized
the known evidence of early conifers — more has appeared since then,
but the patterns remain the same — and noted that virtually all early
appearances are of fragmentary, allochthonous, remains. The basins in
which such remains appear, initially in the Duckmantian (Westphalian
B) (Scott and Chaloner, 1983), were virtually all proximate to
contemporaneous elevated regions that were likely better drained
and, thus, not conducive to the growth and ﬂourishing of the typical
Pennsylvanian wetland ﬂora (Read, 1947; Fredericksen, 1972; Lyons
and Darrah, 1989). Broutin et al. (1990) summarized an even broader

range of literature that suggested spatial distinctiveness of these
distinct, but spatially proximate, vegetation types.
Pfefferkorn (1980), in an attempt to bring some terminological
stabilization to the matter of spatial position, noted that the real
essence of this concept was taphonomic. For the most part, especially
in the Paleozoic, fossil-plant deposits are preserved in depositional
basins, places where at least some portion of the record of
sedimentation could be preserved by the creation of accommodation
space and subsequent deep subaqueous burial. Areas outside of basins
need not have constituted “uplands” per se, and need not have been
particularly better drained. After all, basins preserve a wide variety of
paleosol evidence suggesting low water tables, excellent drainage, and
deep rooting (e.g. Tabor and Montañez, 2004). The matter seems to be
that we can differentiate those ﬂoras that populated basins during any
given interval from those that were most common in the “extrabasinal” areas, to use Pfefferkorn's term. Appearing through incursions into the basins during periods of widespread climate change,
such ﬂoras parallel what Brett and Baird (1995) termed “epibole
faunas” for Paleozoic marine assemblages that appear in basins in rare
but widespread beds, suggesting incursions into the basinal areas
under exceptional conditions. It is unclear just where the dominant
basinal ﬂoras or faunas went during the times when these exceptional
biotas were dominant. The Hamilton Quarry ﬂora of Kansas (Mamay
and Mapes, 1992), for example, has been reconstructed in a diorama
on display at the Denver Museum of Nature and Science, which
suggests that the wet ﬂora was restricted to in-place, swamp and
stream-side refugial areas during the times when drier climate
prevailed across the basins. The other possibility is range shift along
watercourses into areas where higher moisture availability may have
continued, or survival in areas where geographic conﬁgurations may
have permitted wet conditions to remain stable (e.g. the eastern
equatorial regions of Pangea, now China — see Rees et al., 1999).
3.3. Environmental distinctiveness
Closely tied to the matter of spatial separation is that of
environmental distinctiveness of otherwise taxonomically distinct
ﬂoras. This is somewhat more easily established than spatial distinctiveness by tying fossil-plant deposits to associated indicators of
paleoclimatic conditions, such as paleosols, geochemical evidence, or
sedimentological indicators. For example, White (1929) argued
strongly that Early Permian Hermit Shale ﬂora of Arizona, rich in
conifers, callipterids and Supaia, grew originally under strong seasonal
moisture limitation. He linked the morphology of the plants (narrow,
leathery leaves; leaf spines and hairs) with sedimentological features
such as salt crystal molds within the plant-bearing beds. DiMichele
et al. (2007) also were able to link climatic seasonality to conifer- and
Supaia-rich vegetation, documenting their occurrence in sheet ﬂood
deposits consisting of silty mud layers separated by clay drapes with
mudcracks and animal tracks, evidencing periods of exposure
following periods of ﬂood. From the geochemical and paleosol
perspectives, Tabor and Montañez (2004) linked geochemical proxies
for temperature and paleosol evidence of rainfall patterns to major
changes in plant composition near the Carboniferous–Permian
boundary in western Pangea.
All approaches to the fossil-plant by climate problems have their
difﬁculties and making linkages between fossil ﬂoras and paleosols is
no exception. Beds bearing macrofossils generally occur between
paleosols, which tend to lack fossils other than roots, perhaps not the
roots of the plants preserved as macrofossils. Similarly, geochemical
proxies for terrestrial temperature and rainfall are often based on
minerals found in paleosols. Sedimentologically distinct beds, indicative of high levels of evapotranspiration and seasonal water
availability, may surround fossiliferous beds, but the plant fossils are
rarely found within these demonstrable indicators of strong
evapotranspiration.
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A deposit from the lower Middle Permian of Texas (DiMichele et al.,
2004) serves as an example; it was found in a small channel between
calic, red vertisols, themselves sandwiched between gypsum beds and
oolitic limestones. It is clear from such a deposit that there was a very
dry end to the climatic spectrum. The fossil bearing bed, however,
seems to have been deposited during a “pluvial” period of somewhat
higher regional moisture availability.
Summaries of data and published papers linking various aspects of
the “Paleophytic” and “Mesophytic” ﬂoras and the transition between
them to distinctive climatic conditions have appeared in numerous
papers. These papers explicitly tie vegetation types to indicators of
physical environment and/or climate. Examples include Mapes and
Gastaldo (1987), Broutin et al. (1990), DiMichele and Aronson (1992),
Kerp (1996), DiMichele et al. (2002, 2004), DiMichele et al. (2005b).
4. Summary of what we know
The fossil record of the late Paleozoic equatorial regions, as
presently understood, indicates the existence of several largely
distinct vegetation types that share few species in common and are
dominated in some instances by completely different clades/evolutionary lineages. At the coarsest level of resolution, at any one time
only two such distinct vegetation types appear to coexist in close
enough spatial proximity to be temporally intercalated within the
basinal lowlands, reﬂective of the tracking of regional environmental
(principally climatic) changes. Throughout the later Carboniferous
(Pennsylvanian) and earliest Permian, one of these biome pairs,
dominated by primitive seed plants and free-sporing lower vascular
plants, is consistently present and associated with indicators of wet
soil conditions. There is evidence of three or four other distinct kinds
of vegetation from moisture-limited environments, each dominated
by documented or presumed seed plants, more derived evolutionarily
than those from the wetland habitats (these are: cordaitalean-ﬂora
from the drier margins of the wet basinal lowlands; Megalopteris ﬂora
from outside the basinal lowlands; walchian conifer-ﬂora from
outside the basinal lowlands; voltzian conifer-ﬂora from outside the
basinal lowlands). Thus, the concept of a clear spatio-temporal
delineation of two, and only two, biomes clearly is not accurate. The
temporal ranges of the several different vegetation types, especially
those from drier habitats, suggest that there was not a simple side-byside distribution of a “Paleophytic “ biome 1 and a “Mesophytic”
biome 2. Rather, the spatio-temporal distribution can be understood
only in light of evolutionary as well as biogeographic dynamics. The
main wet–dry vegetation contrasts are summarized below.
The earliest examples of spatial proximity of distinct, edaphically–
climatically distinct vegetation types are from the later Mississippian
(Lower Carboniferous). During the early phases of establishment of a
typically Pennsylvanian wetland ﬂora in the equatorial regions, ﬂoras
composed of seed ferns that had been dominant in seasonally dry
habitats from the earlier Mississippian continued to persist regionally,
appearing as rare, allochtonous elements (Chalot-Prat and Galtier,
1989). Some taxa from these ﬂoras, such as Sphenopteridium or Archaocalamites, disappeared and returned during the latest Pennsylvanian as part of ﬂoras associated with returning drier climates,
dominated by advanced seed plants (Mamay and Bateman, 1991;
Mamay, 1992).
The oldest example in the Pennsylvanian of coexistence of “wet”
and “dry” ﬂoras involves typical Early Pennsylvanian coal swamp
vegetation and the Megalopteris–Lesleya ﬂoras in the western parts of
the equatorial belt (Leary and Pfefferkorn, 1977; Leary, 1981). There is
little species overlap between these two ﬂoras, even though they may
succeed one another within a single deposit. For example, in channel
ﬁlls within a limestone landscape, an allochthonous Megalopteris–
Leslya ﬂora is found in gray siltstones in the lower 2/3 of a ﬁll
sequence, probably derived from plants growing on the limestonebased soils surrounding the channels, succeeded by a lycopsid–
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sphenopsid–pteridosperm ﬂora in the upper part of the channel ﬁll in
organic shales, representing development of a parauthochthonous
standing-water swamp deposit (DiMichele and Phillips, 1977; Leary,
1981). This peculiar ﬂora reappears sporadically into the Middle
Pennsylvanian within siltstones between coal beds, not associated
with coal roof-shale ﬂoras. Thus, these taxa persisted in the equatorial
lowlands for millions of years, generally outside the window of
preservation. This ﬂora is completely distinct from the later, conifer
and callipterid ﬂora.
Within the broad construct of the Pennsylvanian coal-age wetland
or humid climate vegetation, there are several distinct kinds of
assemblages. These are composed of variably overlapping species and
generic composition, effectively representing the same broad species
pool. The centroids of the dominant plant lineages (lycopsids,
pteridosperms, calamitaleans, marattialean ferns, and cordaitaleans),
however, appear to be different (DiMichele and Phillips, 1996;
DiMichele, Stein and Bateman, 2000), with substantial degrees of
overlap among them (Gastaldo et al., 2004). The end points of this
humid-wetland equatorial species pool arguably are the peat-forming
ﬂoras, dominated by free-sporing plants and primitive pteridosperms
and some cordaitaleans vs. a cordaitalean-dominated vegetation
growing in better drained, but still wet, “upland/extrabasinal”
habitats. This distinction is most clearly expressed in the Early and
Middle Pennsylvanian (Falcon-Lang and Scott, 2000; Falcon-Lang,
2003; Gastaldo and Degges, 2007). It is probable that these were
endpoints in a vegetational continuum within the generally wet
biome/species pool. The cordaitaleans themselves are a complex
group taxonomically and are not completely understood. The best
taxonomy is for the wetland taxa preserved as coal-ball petrifactions
(Costanza 1985; Trivett and Rothwell, 1991). Taxonomy of those forms
from extra-mire habitats, preserved as adpressions, seemed much less
well resolved (Šimůnek, 2000), but the most recent study demonstrates a considerable taxonomic diversity (Šimůnek, 2007). Thus, the
extrabasinal areas may have been populated by different cordaitalean
species than the swampy wetlands. Indirect evidence from the studies
cited above, suggests that the extrabasinal species were of much larger
stature, forming gallery forests.
The best documented and environmentally understood equatorial
ﬂoristic dichotomy is that between the spore-producing-plant rich
vegetation of everwet habitats and a ﬂora rich in primitive walchian
conifers, peltasperms, and other kinds of seed plants of varyingly
understood evolutionary afﬁnity. This pairing of ﬂoras is the classic
“Paleophytic” vs. “Mesophytic” split as described by Fredericksen
(1972) and later authors (but not as deﬁned chronostratigraphically by
Gothan, 1912). The vegetation types are almost entirely distinct
compositionally but appear to have been spatially proximate within
the equatorial belt (e.g., Cridland and Morris, 1963; Lyons and Darrah,
1989). Conifer-peltasperm ﬂoras appear sporadically in equatorial
basinal lowlands during the Late Pennsylvanian (Stephanian), both in
Europe (Broutin et al., 1990) and in North America (Lyons and Darrah,
1989; DiMichele and Aronson, 1992). They become dominant in these
same equatorial basinal areas during the Permian. The position in the
basinal lowlands of conifer-peltasperm ﬂoras appears to reﬂect
climatic changes within the coastal, equatorial regions in the latest
Carboniferous and Early Permian.
Taxa from the “Carboniferous-type” wetland biome that appear in
landscapes otherwise dominated by the “Permian-type” seasonally
dry biomes are mainly stream-side elements (DiMichele et al., 2006),
such as calamitaleans, or weedy opportunists that also favored wetter
parts of the landscape, such as tree ferns. Some cordaites also may
reﬂect the persistence of elements from the wetland species pool,
although the taxonomic relationships of these to earlier occurring
cordaitaleans is uncertain. The diversity of these cross-over taxa is
much less than that known from the time of the full development and
widespread geographic dominance of the wetland biome, suggesting
much reduced resources to support a diverse assemblage. This
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pattern-reversal in the lowlands (during the Pennsylvanian the dry
biota appears sporadically; during the Permian, the wet biota appears
sporadically) strongly supports the model of environmental tracking
by these species pools, given that the physical gradients between
them appear to be sharp. Hygromorphic elements from the wet biome
penetrated the drier landscapes along water courses and survived in
much reduced wetlands areas or “wetspots” (DiMichele et al., 2006). It
is signiﬁcant that the long term aridiﬁcation trends through Permian
time at equatorial latitudes in the southwestern U.S.A. and Europe
(Fig. 2) appear to be interrupted several times by short-lived “pluvial”
intervals of increased moisture, suggested by stratigraphically short
intervals of paleosol morphologies that are indicative of greater soil
moisture availability (Miller et al., 1996; Tabor and Montañez, 2004;
Roscher and Schneider, 2006). During these wetter intervals the
holdover elements from the wet biome may have expanded in aerial
coverage and reentered the fossil record in detectable numbers.
A similar pattern of clade-level vegetational distribution in Early
Permian landscapes has been reported from the Paraná Basin of Brazil
(Ricardi-Branco and Rösler, 2004). In this case, lycopsids (Brazilodendron)
dominate swamp wetlands, broad-leaved seed plants (Glossopteris)
dominate wet ﬂoodplains, and conifers (Paranocladus and Buriadia)
dominate basin margin better drained habitats. Although the ﬂora is
entirely distinct from that at the tropics at the generic and probably
familial levels, the basic ordinal level distribution of groups is the same as
that in the tropics, reﬂecting the strong clade-by-environment partitioning that is characteristic of Phanerozoic land plants (DiMichele et al.,
2000).

A yet more distinct vegetation composed of taxa with Late Permian
and Mesozoic afﬁnities follows on, but is not known to be intercalated
with or share any species with, the earlier primitive coniferpeltasperm equatorial biome (DiMichele et al., 2002; Looy, 2007).
Like the early allochthonous appearances of elements of the coniferpeltasperm vegetation in the tropics, there are rare early appearances,
during the Early Permian, of elements of this Late Permian–Mesozoic
vegetation within the basinal vegetation that precedes it spatially. It
has been described from the latest Early Permian only in the western
portions of equatorial Pangea (DiMichele et al., 2002; Looy, 2007).
Closely related elements, the same genera but apparently differing at
the species level, appear again in the equatorial lowlands either in the
Late Permian or in the Late Triassic. The appearance of this new
species pool in the basinal lowlands can be correlated directly with the
appearance of cooler and drier conditions, perhaps related to a
synchronous, south-polar glaciation (Montañez et al., 2007), again
demonstrating strong ties of vegetation to climatic conditions.
A fourth distinct Permian-aged biome occurs in widely divergent
parts of equatorial Pangea. It is associated with very dry conditions,
possibly even restricted to channel margins in otherwise arid climates
and appears without clear precursors or prior indicators of its
existence (DiMichele et al., 2004). This ﬂora is dominated by probable
broad-leaved conifers, presently of uncertain afﬁnity, and contains a
gigantopterid species known from the lower Middle Permian in both
the western (SW USA) and eastern (China) equatorial regions
(DiMichele et al., 2004; Yao and Liu, 2004). Its subsequent history is
not known. It occurs in association with indicators of severe aridity,

Fig. 5. Schematic representation of the time–space relationship of different biomes (species pools) during the late Paleozoic in western equatorial Pangea. Shaded are on left
represents basinal areas where fossil preservation potential is high. White areas to left represent extrabasinal areas where fossil preservation potential is low to absent. A wet-to-less
wet spatial pattern in space is duplicated through time in this region. Few species cross between biomes. Biome replacement in time reﬂects tracking of climatic changes rather than
competitive displacement. See text for details.
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such as bedded gypsum, oolitic limestones, and poorly developed soils
(Tabor and Montañez 2002, 2004; DiMichele et al., 2006).
Recently, the characteristically high-latitude, southern hemisphere,
Mesozoic plant Dicroidium (Boucher et al., 1995) has been reported from
the Upper Permian of Jordan (Kerp et al., 2006), which at the time was
positioned in the equatorial region. This ﬁnding adds to the occurrence of
Mesozoic lineages, even to generic level, now known from the Paleozoic.
Whereas the ﬂora associated with this plant has yet to be described
completely, it suggests that earlier in time than expected, the equatorial
regions harbored many lineages and ﬂoras considered typical of later
times and even of very different latitudinal regions.
5. Conclusions
The terrestrial plant record, especially that of the Paleozoic, is primarily
basinal. This record has been subjected to extensive, post-depositional
erosion of “upland”/”extrabasinal” areas, resulting in a heavily biased
spatial representation of the distribution of vegetation on the landscape at
any given point in time. Our ability to infer landscape complexity comes
mainly from studies of the appearance of different vegetation types within
stratigraphic sequences where plant-bearing beds can be correlated with
independent physical indicators of environmental change.
The supposed “Paleophytic” and “Mesophytic” stratigraphic intervals, identiﬁed by their distinct constituent ﬂoras, do not exist as such.
The ﬂoras that supposedly deﬁne these time periods interﬁnger
beginning as early as the Middle Pennsylvanian (Lyons and Darrah,
1989), with a general switch in dominance in basinal lowlands taking
place during the Permian in equatorial regions (Kerp, 1996). More
extensive sampling since this concept was initially developed
indicates that signiﬁcantly more than two compositionally distinct
vegetation types coexisted in equatorial Pangea during the PermoCarboniferous, and even more when the north- and south-temperate
regions are considered. Prior attempts to clarify the spatio-temporal
nature of the “Paleophytic–Mesophytic” transition (Fredericksen,
1972; Knoll, 1984; Rees, 2002) have generally placed plants from
these different ﬂoras into one or the other of these two vegetational
categories. In fact, ambiguities in which plants belong to which group
reﬂect the fact that there are a number of distinct coexistent
vegetation types, not just two. These vegetation types reﬂect different
norms of response to environmental conditions and represent distinct
biomes or species pools — assemblages of plants tied to different kinds
and ranges of environmental conditions, and strongly reﬂective of the
naturally sharp environmental discontinuities that characterize
terrestrial Earth (Fig. 5). This pattern is unremarkable, and to be
expected given the relationships of modern vegetation to climate.
“Species individuality” is the concept that biotic “communities” or
species assemblages reﬂect the fortuitous coincidence of species with
similar resource requirements under momentarily prevailing local
climatic and edaphic conditions. There is strong evidence for such
individual species spatial dynamics on modern ecological scales,
based on changes in species distributional/range patterns following
the last glacial maximum. There also is clear indication, however, of
limited species cross-over between biomes, either in the modern or in
these Paleozoic biomes, excepting plants that penetrate drier
environments along swamp, stream and lakeside microhabitats.
When examined at the spatio-temporal scales available in paleoecology, the plant fossil record suggests that such individual species
behavior is conﬁned largely to the biome/species pool level of hierarchical organization, just as can be seen today if one analyzes such
patterns on larger spatial scales (DiMichele et al., 2005a). The sharp
environmental discontinuities that are the primary foundation of the
biomic boundaries (e.g. Ziegler et al., 2003) form the basis for biogeographic subdivision of the modern world (e.g. Walter, 1985). In the
geological past, of course, these distributions varied from those of
today based on the extent to which the emergent terrestrial realm was
naturally subdivided by mountain and oceanic barriers.
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Climatic changes affecting the land surface are strongly reﬂected by
changes in biomic spatial distributions. In effect, the biomes “track”
climate effectively instantaneously, in terms of the time resolution
possible in the geological record. This is essentially what has been found
for north temperate species and migrations within biomes following the
retreat of glaciers after the last glacial maximum (Webb, 1987; Overpeck
et al., 1992). Lags in vegetational response can be detected occasionally,
by very ﬁne sampling. In Quaternary settings these have been attributed
to “vegetational inertia” (Cole, 1985), reﬂecting recruitment dynamics.
Each of the vegetational or biome spatial pairs and/or temporal
replacements discussed in this paper appear to reﬂect such distinct
climatic and edaphic differences as the major controlling factors.
These various observations come together to suggest that much
evolution was going on in areas outside of basinal preservational
windows (Fredericksen, 1972; DiMichele and Aronson, 1992; Kerp,
1996; DiMichele et al., 2002; Kerp et al, 2006; Looy, 2007). Based on
the temporal pattern of appearance of these vegetation types (and
their associated climatic conditions) in the fossil record, progressively
more positionally and environmentally remote areas supported ever
more derived taxa. This perhaps reﬂects greater opportunities for
survival of highly derived forms under the reduced resource
competition that might be expected in physical habitats that were
underexploited and undersaturated. The results of the evolutionary
changes in these remote areas are revealed to us only sporadically, by
environmental changes that affect the basins, especially making them
much drier, allowing marginal vegetation types to migrate in.
Acknowledgements
We thank Christopher Cleal and Hermann Pfefferkorn for the
critical comments on an earlier draft of this manuscript, and Ivo
Duijnstee for assistance with the ﬁgures. This is publication number
101 of the Evolution of Terrestrial Ecosystems Program at the National
Museum of Natural History, Smithsonian Institution, which is
acknowledged for the partial support of the research and of CVL.

References
Alroy, J., 1999. Putting North America's end-Pleistocene megafaunal extinction in
context: large scale analyses of spatial patterns, extinction rates, and size
distributions. In: MacPhee, R.D.E. (Ed.), Extinctions in near time: causes, contexts,
and consequences. Plenum, NY, pp. 105–143.
Behrensmeyer, A.K., Hook, R.W., 1992. Paleoenvironmental contexts and taphonomic
modes. In: Behrensmeyer, A.K., Damuth, J.D., DiMichele, W.A., Potts, R., Sues, H.-D.,
Wing, S.L. (Eds.), Terrestrial Ecosystems Through Time. University of Chicago Press,
Chicago, IL, pp. 15–136.
Behrensmeyer, A.K., Kidwell, S., Gastaldo, R., 2000. Taphonomy and paleobiology.
In: Erwin, D., Wing, S. (Eds.), DeepTime, Paleobiology's Perspective. Paleobiology, vol. 26 (Suppl. 4), pp. 103–147.
Benison, K.C., Goldstein, R.H., 1999. Permian paleoclimate data from ﬂuid inclusions in
halite. Chem. Geol. 154, 113–132.
Boucher, L.D., Taylor, E.L., Taylor, T.N., Cúneo, N.R., Osborn, J.M., 1995. Dicroidium
compression ﬂoras from southern Victoria Land. Antarctic J. U.S. 30, 40–41.
Brett, C.E., Baird, G.C., 1995. Coordinated stasis and evolutionary ecology of Silurian to
Middle Devonian faunas in the Appalachian Basin. In: Erwin, D.H., Anstey, R.L.
(Eds.), New Approaches to Speciation in the Fossil Record. Columbia University
Press, NY, pp. 285–314.
Broutin, J., Doubinger, J., Farjanel, G., Freytet, P., Kerp, H., 1990. Le renouvellement des
ﬂores au passage Carbonifère Permien: approches stratigraphiques, biologiques,
sédimentologiques. C.R. Acad. Sci. Paris 321, 1563–1569.
Cassinis, G., Massari, F., Neri, C., Venturrini, C., 1988. The continental Permian of the
southern Alps Italy); a review. Zeitschr. Geol. Wiss. 16, 1117–1126.
Chaloner, W.G., 1958. The Carboniferous upland ﬂora. Geol. Mag. 95, 261–262.
Chaloner, W.G., Lacey, W.S., 1973. The distribution of late Palaeozoic ﬂoras. Spec. Pap.
Palaeontol 12, 271–289.
Chaloner, W.G., Meyen, S.V., 1973. Carboniferous and Permian ﬂoras of the northern
continents. In: Hallam, A. (Ed.), Atlas of Palaeobiogeography. Elsevier, Amsterdam,
pp. 169–186.
Chalot-Prat, F., Galtier, J., 1989. Découverte d'un tronc de gymnosperme dans une coulee
du complexe volcanique carbonifère du Tazekka (Maroc oriental) et sa signiﬁcation
paléoécologique. C.R. Acad. Sci. Paris 309, 1735–1741.
Cleal, C.J., Thomas, B.A., 2005. Palaeozoic tropical rainforests and their effect on global
climates: is the past the key to the present? Geobiology 3, 13–31.

162

W.A. DiMichele et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 268 (2008) 152–163

Cleal, C.J., Wang, Ziqiang, 2002. A new and diverse plant fossil assemblage from the
upper Westphalian Benxi Formation, Shanxi, China, and its paleoﬂoristic
signiﬁcance. Geol. Mag. 139, 107–130.
Cole, K.L., 1985. Past rates of change, species richness, and a model of vegetational
inertia in the Grand Canyon, Arizona. American Naturalist 125, 289–303.
Costanza, S.H., 1985. Pennsylvanioxylon of Middle and Upper Pennsylvanian coals from
the Illinois Basin and its comparison with Mesoxylon. Palaeontographica 197 B,
81–121.
Cridland, A.A., 1964. Amyelon in American coal balls. Palaeontology 7, 186–209.
Cridland, A.A., Morris, J.E., 1963. Taeniopteris, Walchia, and Dichophyllum in the
Pennsylvanian system in Kansas. Univ. Kansas Sci. Bull. 44, 71–85.
Daber, R., 1959. Die Mittel-Visé-Flora der Tiefbohrungen Doberlug-Kirchain. Geologie, 8,
Beih. 26, 1–83.
Delcourt, H.R., Delcourt, P.A., 1991. Quaternary ecology: a paleoecological perspective.
Chapman & Hall, New York, NY. 242 pp.
Delgado, A., Reyes, E., 1996. Oxygen and hydrogen isotope compositions in clay
minerals; a potential single-mineral paleothermometer. Geochim. Cosmochim.
Acta 60, 4285–4289.
DiMichele, W.A., Aronson, R.B., 1992. The Pennsylvanian–Permian vegetational
transition: a terrestrial analogue to the onshore-offshore hypothesis. Evolution
46, 807–824.
DiMichele, W.A., Phillips, T.L., 1977. Monocyclic Psaronius from the Lower Pennsylvanian
of the Illinois Basin. Can. J. Bot. 55, 2514–2524.
DiMichele, W.A., Phillips, T.L., 1996. Clades, ecological amplitudes, and ecomorphs:
phylogenetic effects and persistence of primitive plant communities in the
Pennsylvanian-age tropical wetlands. Palaeogeogr. Palaeoclimatol. Palaeoecol.
127, 83–105.
DiMichele, W.A., Stein, W.E., Bateman, R.M., 2000. Ecological sorting of vascular plant
classes during the Paleozoic evolutionary radiation. In: Allmon, W.D., Bottjer, D.J.
(Eds.), Evolutionary Paleoecology: the ecological context of macroevolutionary
change. Columbia University Press, NY, pp. 285–335.
DiMichele, W.A., Mamay, S.H., Chaney, D.S., Hook, R.W., 2001. An Early Permian ﬂora with
Late Permian and Mesozoic afﬁnities from North-Central Texas. J. Paleont. 75, 449–460.
DiMichele, W.A., Phillips, T.L., Nelson, W.J., 2002. Place vs. time and vegetational
persistence: a comparison of four tropical mires from the Illinois Basin during the
height of the Pennsylvanian Ice Age. Int. J. Coal Geol. 50, 43–72.
DiMichele, W.A., Hook, R.W., Nelson, W.J., Chaney, D.S., 2004. An unusual middle
Permian ﬂora from the Blaine Formation (Pease River Group, Leonardian–
Guadalupian Series) of King County, West Texas. J. Paleont. 78, 765–782.
DiMichele, W.A., Gastaldo, R.A., Pfefferkorn, H.W., 2005a. Plant biodiversity partitioning
in the Late Carboniferous and Early Permian and its implications for ecosystem
assembly. Proc. California Acad. Sci. 56 (supplement 1), 32–49.
DiMichele, W.A., Tabor, N.J., Chaney, D.S., 2005b. Outcrop-scale environmental
heterogeneity and vegetational complexity in the Permo-Carboniferous Markley
Formation of North Central Texas. In: Lucas, S.G., Zeigler, K.E. (Eds.), The Nonmarine
Permian. New Mexico Mus. Nat. Hist. Sci. Bull., vol. 30, pp. 60–66.
DiMichele, W.A., Tabor, N.J., Chaney, D.S., Nelson, W.J., 2006. From wetlands to wet
spots: environmental tracking and the fate of Carboniferous elements in Early
Permian tropical ﬂoras. In: Greb, S.F., DiMichele, W.A. (Eds.), Wetlands through
time. Geol. Soc. America Spec. Pap., vol. 399, pp. 223–248.
DiMichele, W.A., Chaney, D.S., Nelson, W.J., Lucas, S.G., Looy, C.V., Quick, K., Wang, Jun,
2007. A low diversity, seasonal tropical landscape dominated by conifers and
peltasperms: Early Permian Abo Formation, New Mexico. Rev. Palaeobot. Palynol.
145, 249–273.
Driese, S.G., Nordt, L.C., Lynn, W., Stiles, C.A., Mora, C.I., Wilding, L.P., 2005.
Distinguishing climate in the soil record using chemical trends in a Vertisol
climosequence from the Texas Coalstal Prarie, and application to interpreting
Paleozoic paleosols in the Appalachian basin. J. Sediment. Res. 75, 340–353.
Falcon-Lang, H.J., 2000. Fire ecology of the Carboniferous tropical zone. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 164, 339–355.
Falcon-Lang, H.J., 2003. Late Carboniferous tropical dryland vegetation in an alluvialplain setting, Joggins, Nova Scotia, Canada. Palaios 18, 197–211.
Falcon-Lang, H.J., Scott, A.C., 2000. Upland ecology of some Late Carboniferous
cordaitalean trees from Nova Scotia and England. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 156, 225–242.
Fredericksen, N.O., 1972. The rise of the Mesophytic ﬂora. Geoscience and Man 4, 17–28.
Gastaldo, R.A., 1996. Flöznah and Flözfern assemblages: potential predictors of Late
Carboniferous biome replacement? In: Leary, R.L. (Ed.), Patterns in Paleobotany:
Proceedings of a Czech–U.S. Carboniferous Paleobotany Workshop. Illinois State
Museum Scientiﬁc Papers, vol. 26, pp. 19–28.
Gastaldo, R.A., Degges, C.W., 2007. Sedimentology and paleontology of a Carboniferous
log jam. Int. J. Coal Geol. 69, 103–118.
Gastaldo, R.A., Stevanovic-Walls, I.M., Ware, W.N., Greb, S.F., 2004. Community
heterogeneity of Early Pennsylvanian peat mires. Geology 32, 693–696.
Gothan, W., 1912. Paläobotanik. In: Korschelt, E., Linck, G., Schaum, K., Simon, H. Th.,
Verworn, M., Teichmann, E. (Eds.), Handwörterbuch der Naturwissenschaften.
Gustav Fischer Verlag, Jena, pp. 408–460 (in German).
Gothan, W., Gimm, O., 1930. Neuere Beobachtungen und Betrachtungen über die Flora
des Rotliegenden in Thüringen. Arbeiten Inst. Paläobot. Petrograph. Brennsteine 2
(1), 39–74.
Gothan, G., Weyland, H., 1954. Lehrbuch der Paläobotanik. Akademie Verlag, Berlin. 535
pp. (in German).
Halle, T.G., 1935. On the distribution of the Late Paleozoic ﬂoras in Asia. Geograﬁska
Annaler 106–111.
Havlena, V., 1961. Die ﬂöznahe und ﬂözfremde Flora des Oberschlesischen Namurs A
und B. Palaeontographica B 108, 22–38 (in German).

Havlena, V., 1971. Die zeitgleichen Floren des europäischen Oberkarbons und die
mesophile Flora des Ostrau-Karwiner Steinkohlenreviers. Rev. Palaeobot. Palynol.
12, 245–270 (in German).
Jia, B., Wu, Y., 1996. Recognition and geologic signiﬁcance of the Permo-Carboniferous
pyroclastic rocks from the Daquinshan Coalﬁeld, Inner Mongolia, China. Scientia
Geologica Sinica 5, 469–482.
Jia, B., Zhou, A., Ma, M., Kia, X., 2001. Volcanic Event layers — a marker bed of correlation
of coal measures. Acta Geol. Sinica 75, 184–195.
Joeckel, R.M., 1999. Paleosol in Galesburg Formation (Kansas City Group, Upper
Pennsylvanian), northern Midcontinent, U.S.A.; evidence for climate change and
mechanisms of marine transgression. J. Sed. Res. 69, 720–737.
Kerp, H., 1996. Post-Variscan late Paleozoic northern hemisphere gymnosperms: the
onset to the Mesozoic. Rev. Palaeobot. Palynol. 90, 263–285.
Kerp, H., 2000. The modernization of landscapes during the Late Paleozoic–Early
Mesozoic. Paleont. Soc. Pap. 6, 80–113.
Kerp, H., Fichter, J., 1985. Die Macroﬂoren des saarpfälzischen Rotliegenden (?OberKarbon — Unter-Perm; SW-Deutschland). Mainzer Geowiss. Mitt. 14, 159–286
(in German).
Kerp, H., Hamad, A.A., Vörding, B., Bondel, K., 2006. Typical Triassic Gondwanan ﬂoral
elements in the Upper Permian of the paleotropics. Geology 34, 265–268.
Knoll, A.H., 1984. Patterns of extinction in the fossil record of vascular plants. In: Nitecki,
M. (Ed.), Extinctions. University of Chicago Press, Chicago, IL, pp. 21–68.
Leary, R.L., 1981. Early Pennsylvanian geology and paleobotany of the Rock Island
County, Illinois, area. Part 1: Geology. Ill. St. Mus. Rep. Invest. 37, 1–88.
Leary, R.L., Pfefferkorn, H.W., 1977. An Early Pennsylvanian ﬂora with Megalopteris and
Noeggerathiales from west-central Illinois. Ill. St. Geol. Surv. Circ. 500, 1–77.
Looy, C.V., 2007. Extending the range of derived Late Paleozoic conifers: Lebowskia gen.
nov. (Majonicaceae). Int. J. Plant Sci. 168, 957–972.
Lyons, P.C., Darrah, W.C., 1989. Earliest conifers in North America: upland and/or
paleoecological indicators? Palaios 4, 480–486.
Mack, G.H., 2003. Lower Permian terrestrial paleoclimate indicators in New Mexico and
their comparison to paleoclimate models. New Mexico Geol. Soc. Guideb. 54, 231–240.
Mack, G.H., Dinterman, P.A., 2002. Depositional environments and paleogeography of
the Lower Permian (Leonardian) Yeso and correlative formations in New Mexico.
Mountain Geologist 39, 75–88.
Mamay, S.H., 1992. Sphenopteridium and Telangiopsis in a Diplopteridium-like association from the Virgilian (Upper Pennsylvanian) of New Mexico. Amer. J. Bot. 79,
1092–1101.
Mamay, S.H., Bateman, R.M., 1991. Archaeocalamites lazarii, sp. nov.: the range of
Archaeocalamitaceae extended from the lowermost Pennsylvanian to the midLower Permian. Amer. J. Bot. 78, 489–496.
Mamay, S.H., Mapes, G., 1992. Virgilian plant megafossils from the Kinney Brick
Company Quarry, Manzanita Mountains, New Mexico. New Mexico Bureau of Mines
and Mineral Resources Bulletin 138, 61–85.
Mapes, G., Gastaldo, R.A., 1987. Late Paleozoic non-peat accumulating ﬂoras. Univ. Tenn.
Stud. Geol. 2, 115–127.
McComas, M.A., 1988. Upper Pennsylvanian compression ﬂoras of the 7–11 Mine,
Columbiana County, northeastern Ohio. Ohio J. Sci. 88, 48–52.
Miller, K.B., McCahon, T.J., West, R.R.,1996. Lower Permian (Wolfcampian) paleosol-bearing
cycles of the U.S. Midcontinent: evidence of climatic cyclicity. J. Sed. Res. 66, 71–84.
Moore, R.C., Elias, N.K., Newell, N.D., 1936. A Pemian ﬂora from the Pennsylvanian rocks
of Kansas. J. Geol. 44, 1–31.
Montañez, I.P., Tabor, N.J., Niemeier, D., DiMichele, W.A., Frank, T.D., Fielding, C.R., Isbell, J.L.,
2007. CO2-forced climate and vegetation instability during Late Paleozoic deglaciation.
Science 315, 87–91.
Noe, A.C., 1930. Permian ﬂoras of Asia. Botanical Gazette 89, 312–313.
Overpeck, J.T., Webb, R.S., Webb, T., 1992. Mapping eastern North American vegetation
change of the past 18,000 years: no-analogs and the future. Geology 20, 1071–1074.
Pfefferkorn, H.W.,1980. A note on the term “upland ﬂora”. Rev. Palaeobot. Palynol. 30,157–158.
Phillips, T.L., Peppers, R.A., 1984. Changing patterns of Pennsylvanian coal-swamp
vegetation and implications of climate control on coal occurrence. Int. J. Coal Geol.
3, 205–255.
Plotnick, R.E., Kenig, F., Scott, A., Glasspool, I., 2008. Stop3: Exceptionally wellpreserved paleokarst and Pennsylvanian cave ﬁlls. In: Curry, B (Ed.), Deglacial
History and Paleoenvironments of Northern Illinois. Ill. St. Geol. Surv. Open File
Rep. 2008-01, 79–87.
Potonié, R., 1952. Gesichtspunkte zu einer paläobotanischen Gesellschaftsgeschichte
(Soziogenese). Beih. Geol. Jahrb. 5, 1–116 (in German).
Potonié, H., 1899. Lehrbuch der Pﬂanzenpaläontologie mit besonderer Rücksicht auf die
Bedürfnisse des Geologen. Dümmber, pp. 170–175, 230–233. (in German)
Prochnow, S.J., Nordt, L.C., Atchley, S.C., Hudec, M.R., 2006. Multi-proxy paleosol
evidence for middle and late Triassic climate trends in eastern Utah. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 232, 53–72.
Raymond, A., 1988. The paleoecology of a coalball deposit from the Middle
Pennsylvanian of Iowa dominated by cordaitalean gymnosperms. Rev. Palaeobot.
Palynol. 53, 233–250.
Raymond, A., Phillips, T.L., 1983. Evidence for an Upper Carboniferous mangrove
community. In: Teas, H. (Ed.), Tasks for Vegetation Science, vol. 8, pp. 19–30.
Read, C.B., 1947. Pennsylvanian ﬂoral zones and ﬂoral provinces. J. Geol. 55, 271–299.
Rees, P.M., 2002. Land-plant diversity and the end-Permian mass extinction. Geology
30, 827–830.
Rees, P.M., Gibbs, M.T., Ziegler, A.M., Kutzbach, J.E., Behling, P.J., 1999. Permian climates:
evaluating model predictions using global paleobotanical data. Geology 27, 891–894.
Rees, P.M., Ziegler, A.M., Gibbs, M.T., Kutzbach, J.E., Behling, P.J., Rowley, D.B., 2002.
Permian phytogeographic patterns and climate data/model comparisons. J. Geol.
110, 1–31.

W.A. DiMichele et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 268 (2008) 152–163
Remy, W., 1975. The ﬂoral changes at the Carboniferous–Permian boundary in Europe
and North America. In: Barlow, J.A. (Ed.), The Age of the Dunkard. Proceedings of the
First I.C. White Memorial Symposium. West Virginia Geological and Economic
Survey, Morgantown, pp. 305–352.
Ricardi-Branco, F., Rösler, O., 2004. The paleoﬂora of Figueira in the context of the
neopaleozoic of the Paraná Basin, Brazil. Terrae 1, 44–51.
Roscher, M., Schneider, J.W., 2006. Permocarboniferous climate: Early Pennsylvanian to
Late Permian climate development of central Europe in a regional and global
context. In: Lucas, S.G., Cassinis, G., Schneider, J.W. (Eds.), Nonmarine Permian
chronology and correlation. Geol. Soc. London, Spec. Publ., vol. 265, pp. 95–136.
Rothwell, G.W., Mapes, G., 1988. Vegetation of a Paleozoic conifer community. In:
Mapes, G., Mapes, R.H. (Eds.), Regional geology and paleontology of upper Paleozoic
Hamilton quarry area in southeastern Kansas. Kansas Geol. Surv. Guidebook Ser.,
vol. 6, pp. 213–224.
Royer, D.L., 1999. Depth to pedogenic carbonate horizon as a paleoprecipitation
indicator. Geology 27, 1123–1126.
Schneider, J.W., Korner, F., Roscher, M., Kroner, U., 2006. Permian climate development
in the northern peri-Tethys area — the Lodève Basin, French Massif Central,
compared in a European and global context. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 240, 161–183.
Schopf, J.M., Wilson, L.R., Benthal, R., 1944. An annotated synopsis of Paleozoic spores
and the deﬁnition of generic groups. Illinois State Geol. Surv. Rep. of Investigations
91, 1–72.
Scott, A.C., Rex, G., 1985. The formation and signiﬁcance of Carboniferous coal balls. Phil.
Trans. R. Soc. London, Ser. B, Biol. Sci. 311, 123–137.
Scott, A.C., Chaloner, W.G., 1983. The earliest fossil conifer from the Westphalian B of
Yorkshire. Proc. R. Soc. London, Ser. B 220, 163–182.
Sheldon, N.D., Retallack, G.J., 2004. Regional paleoprecipitation records from the late
Eocene and Oligocene of North America. J. Geol. 112, 487–494.
Sheldon, N.D., Retallack, G.J., Tanaka, S., 2002. Geochemical climofunctions from North
American soils and application to paleosols across the Eocene–Oligocene boundary
in Oregon. J. Geol. 110, 687–696.
Šimůnek, Z., 2000. Cuticles of Cordaites from the Westphalian, Stephanian and Autunian
of the Bohemian Massif (Czech Republic) (a preliminary study). Acta Palaeobot. 40,
25–34.
Šimůnek, Z., 2007. New classiﬁcation of the genus Cordaites from the Carboniferous and
Permian of the Bohemian Massif, based on cuticle micromorphology. Acta Mus.
Natl. Pragae, Ser. B, Hist. Nat., 62 3–4, 97–21.
Tabor, N.J., this volume. Looking back at Late Paleozoic Tropical Climate and
Atmospheric Circulation. Palaeogeogr. Palaeoclimatol. Palaeoecol.
Tabor, N.J., Montañez, I.P., 2002. Shifts in Late Paleozoic atmospheric circulation over
Western Equatorial Pangea: insights from pedogenic mineral δ18O compositions.
Geology 30, 1127–1130.
Tabor, N.J., Montañez, I.P., 2004. Permo-Pennsylvanian alluvial paleosols (north-central
Texas): high-resolution proxy records of the evolution of early Pangean paleoclimate. Sedimentology 51, 851–884.
Tabor, N.J., Montañez, I.P., 2005. Oxygen and hydrogen isotope compositions of
pedogenic phyllosilicates: development of modern surface domain arrays and
implications for paleotemperature reconstructions. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 223, 127–146.
Tabor, N.J., Yapp, C.J., 2005. Incremental vacuum dehydration–decarbonation experiments on a natural gibbsite (α-Al(OH)3): CO2 abundance and δ13C values. Geochim.
Cosmochim. Acta 69, 519–527.
Tabor, N.J., DiMichele, W.A., Chaney, D.A., Montañez, I.M., submitted for publication.
Rapid temperature change and vegetational response in the Late Paleozoic tropics.
Tabor, N.J., Montañez, I.P., Southard, R.J., 2002. Mineralogical and stable isotopic analysis
of pedogenic proxies in Permo-Pennsylvanian paleosols: implications for paleoclimate and paleoatmospheric circulation. Geochim. Cosmochim. Acta 66, 3093–3107.

163

Tabor, N.J., Montañez, I.P., Zierenberg, R.B., 2004a. Mineralogical, chemical, and stable
isotope analyses of a pedogenically altered basalt: implications for climate in the
Late Triassic Ischigualasto Basin, northwestern Argentina. Geol. Soc. America Bull.
114, 1280–1293.
Tabor, N.J., Yapp, C.J., Montañez, I.P., 2004b. Goethite, calcite, and organic matter from
Permian and Triassic soils: carbon isotopes and CO2 concentrations. Geochim.
Cosmochim. Acta 68, 1503–1517.
Trivett, M.L., Rothwell, G.W., 1991. Diversity among Paleozoic Cordaitales. N. Jb. Geol.
Paläont. 183, 289–305.
Vitali, F., Longstaffe, F.J., McCarthy, P.J., Plint, A.G., Caldwell, W.G.E., 2002. Stable isotopic
investigation of clay minerals and pedogenesis in an interﬂuve paleosol from the
Cenomanian Dunvegan Formation, N.E. British Columbia, Canada. Chem. Geol. 192,
269–287.
Walter, H., 1985. Vegetation of the Earth and Ecological Systems of the Geo-biosphere,
3rd Edition. Springer–Verlag, NY. 318 pp.
Watson, A., 1992. Desert Soils. In: Martini, I.P., Chesworth, W. (Eds.), Weathering, soils, and
paleosols, developments in surface processes 2. Elsevier, Amsterdam, pp. 225–260.
Webb III, T., 1987. The appearance and disappearance of major vegetational
assemblages: long-term vegetational dynamics in eastern North America. Vegetation 69, 177–187.
Wing, S.L., Harrington, G.J., Smith, F.A., Bloch, J.I., Boyer, D.M., Freeman, K.H., 2005.
Transient ﬂoral change and rapid global warming at the Paleocene–Eocene
boundary. Science 310, 993–996.
White, D., 1929. Flora of the Hermit Shale, Grand Canyon, Arizona. Carnegie Institution
of Washington Publ. 405, 1–221.
Yang, W., Liu, Y., Feng, Q., Lin, J., Zhou, D., Wang, D., 2007. Sedimentary evidence of
Early–Late Permian mid-latitude continental climate variability, Southern Bogda
Mountains, NW China. Palaeogeogr., Palaeoclimatol., Palaeoecol 252, 239–258.
Yapp, C.J., 1983. Stable hydrogen isotopes in iron oxides — isotope effects associated
with dehydration of natural goethite. Geochim. Cosmochim Acta 47, 1277–1287.
Yapp, C.J., 1987. A possible goethite-iron (III) carbonate solid solution and the
determination of CO2 partial pressures in low temperature geologic systems.
Chem. Geol. 64, 259–268.
Yapp, C.J., 1993. The stable isotope geochemistry of low temperature Fe(III) and Al
“oxides” with implications for continental paleoclimates: Geophys. Monogr. 78,
285–294.
Yapp, C.J., 2001. Rusty relics of Earth history: iron (III) oxides, isotopes, and surﬁcial
environments, Ann. Rev. Earth Planet. Sci. 29, 165–199.
Yapp, C.J., Poths, H., 1992. Ancient atmospheric CO2 pressures inferred from natural
goethites. Nature 355, 342–344.
Yao, Zhao-Qi, Liu, Lu-Jun, 2004. A new gigantopterid plant with cuticles from the
Permian of South China. Rev. Palaeobot. Palynol. 131, 29–48.
Ziegler, A.M., 1990. Phytogeographic patterns and continental conﬁgurations during the
Permian period. In: McKerrow, W.S., Scotese, C.R. (Eds.), Paleozoic paleogeography
and biogeography. Geol. Soc. London Mem., vol. 12, pp. 363–379.
Ziegler, A.M., Hulver, M.L., Rowley, D.B., 1997. Permian world topography and climate.
In: Martini, I.P. (Ed.), Late glacial and postglacial environmental changes:
Quaternary, Carboniferous–Permian, Proterozoic. Oxford University Press, Oxford,
pp. 111–146.
Ziegler, A.M., Rees, P.M., Naugolnykh, S.V., 2002. The Early Permian ﬂoras of Prince
Edward Island, Canada: differentiating global from local effects of climate change.
Can. J. Earth Sci. 39, 223–238.
Ziegler, A.M., Eshel, G., Rees, P.M., Rothfus, T.A., Rowley, D.B., Sunderlin, D., 2003. Tracing
the tropics across land and sea: Permian to present. Lethaia 36, 227–254.

