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ABSTRACT

 

The late Paleozoic earth experienced alternation between glacial and non-glacial climates at multiple temporal
scales, accompanied by atmospheric CO

 

2 

 

fluctuations and global warming intervals, often attended by significant
vegetational changes in equatorial latitudes of Pangaea. We assess the nature of climate–vegetation interaction
during two time intervals: middle–late Pennsylvanian transition and Pennsylvanian–Permian transition, each
marked by tropical warming and drying. In case study 1, there is a catastrophic intra-biomic reorganization of
dominance and diversity in wetland, evergreen vegetation growing under humid climates. This represents a
threshold-type change, possibly a regime shift to an alternative stable state. Case study 2 is an inter-biome
dominance change in western and central Pangaea from humid wetland and seasonally dry to semi-arid vegetation.
Shifts between these vegetation types had been occurring in Euramerican portions of the equatorial region
throughout the late middle and late Pennsylvanian, the drier vegetation reaching persistent dominance by Early
Permian. The oscillatory transition between humid and seasonally dry vegetation appears to demonstrate a
threshold-like behavior but probably not repeated transitions between alternative stable states. Rather, changes
in dominance in lowland equatorial regions were driven by long-term, repetitive climatic oscillations, occurring
with increasing intensity, within overall shift to seasonal dryness through time. In neither case study are there
clear biotic or abiotic warning signs of looming changes in vegetational composition or geographic distribution,
nor is it clear that there are specific, absolute values or rates of environmental change in temperature, rainfall
distribution and amount, or atmospheric composition, approach to which might indicate proximity to a terrestrial
biotic-change threshold.
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INTRODUCTION

 

The objective of this paper is to assess the nature of responses
of late Paleozoic terrestrial vegetation to changes in abiotic
attributes of the earth-climate system and to evaluate the geologic
record for evidence of warning signs that biotic changes
may be imminent. The focus is on late Paleozoic equatorial
terrestrial ecosystems from two time periods that experienced
major environmental change: the middle–late Pennsylvanian
transition during the Carboniferous, and the Carboniferous–
Permian transition. The changes during these two time
intervals are fundamentally different in nature. The older
represents an internal reorganization of wetland vegetation
throughout the western and central parts of Pangaea, and was
associated with a relatively brief interval of significantly

decreased effective moisture and possibly with radiatively
forced global warming. The latter involves a shift in the
dominant lowland vegetation from humid wetland plant
assemblages to seasonally dry assemblages. It was associated
with large-scale climate changes associated with the transition
from a possibly ice-free interval of generally warm global
climate to the onset of the most extensive glaciation of the
entire Late Paleozoic Ice Age. Both of these examples have
specific biogeographic footprints, largely restricted to central
and western equatorial Pangaea.

In the course of evaluating these patterns we first examine
the underlying assumptions that are used to infer associations
between vegetation and environmental factors on geologic
time scales. These processes include the recognition of spatio-
temporal relationships between vegetation and environmental
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factors and the identification of mechanistic linkages between
these elements. The analyses and inferences drawn from them
are complicated by the vagaries of the stratigraphic record and
our own difficulties in comprehending that for which we have
no modern analogues. However, through the combination of
empirical approaches and modeling, similar to those used with
modern vegetation, this system can begin to be understood
more fully.

Additionally, evaluation of these ancient systems against
various first-principles explanatory frameworks helps us to
refine our thinking. In these two case studies, we examine
the vegetational responses to changing physical conditions in
light of explicit model-driven expectations. In particular, we
attempt to discriminate between conceptual models involving
regime shifts or state changes through analysis of whether
vegetational responses were gradual or catastrophic, reversible
or irreversible.

 

BASIC PATTERNS

 

Synchronous changes in climate, as inferred from various
kinds of proxy data, and vegetational composition have been
documented from many times in pre-Pleistocene geologic
history (Beerling & Woodward, 2001). Most of these major
biotic changes are associated with widespread changes in
sedimentary and resultant lithologic patterns. A few of the
more high-profile examples include the Paleocene–Eocene
Thermal Maximum (Wing & Harrington, 2001; Zachos 

 

et

 

 

 

al

 

.,
2005), and boundary events associated with the Cretaceous–
Tertiary (Johnson, 1992), Triassic–Jurassic (McElwain 

 

et

 

 

 

al

 

.,
1999; but see Lucas & Tanner, 2008), and Permian–Triassic
(Looy 

 

et

 

 

 

al

 

., 2001; Erwin 

 

et

 

 

 

al

 

., 2002; Rees 

 

et

 

 

 

al

 

., 2002). Less
attention has been paid to similar events within the late
Paleozoic (Phillips & Peppers, 1984; Montañez 

 

et

 

 

 

al

 

., 2007),
even though some of these are well documented, due to
difficulties with dating and because the taxonomic composition
and ecologic structure differ significantly from modern systems.
Recent advances in our understanding of the dynamics of the
atmosphere and climate during this period now make linkages
possible between terrestrial ecosystems and climate change
(Montañez 

 

et

 

 

 

al

 

., 2007). These late Paleozoic cases are doubly
important because they occur during an interval of cold global
climates, with large ice masses at the south and, perhaps, at
times, the north polar regions (Fielding 

 

et

 

 

 

al

 

., 2008a). Thus,
this biotic–abiotic system is the closest analogue we have to
our modern icehouse Earth (Gastaldo 

 

et

 

 

 

al

 

., 1996). We will
focus on two examples. The first, and oldest, occurred around
the middle–late Pennsylvanian boundary, approximately 306 Ma,
across the Euramerican equatorial coal belt and was a time
of reorganization of the humid, wetland biome. The other
occurred near the Carboniferous–Permian boundary in western
equatorial Pangaea, approximately 299 Ma (Gradstein 

 

et

 

 

 

al

 

.,
2004), and recorded the establishment of seasonally dry
vegetation in the tropical lowlands.

 

CONCEPTUAL FRAMEWORK

 

The problem of correlation-causation

 

Searching for a causal mechanism or driver of patterns in the
fossil record can suffer from conflation of correlation with
causation. Within the comparative method, the basis/mainstay
of hypothesis framing lies in (a) the identification of
patterns in a dataset of interest, (b) statistical analysis
and characterization thereof, (c) identification of recurrent
instances of the pattern at other times and places, and (d)
establishment of correlations between the patterns of interest
with patterns in different kinds of data. Great reliance often is
placed on modern, actualistic data to interpret both fossil and
proxy environmental patterns. In addition, physical/dynamic
modeling can be used to determine whether an association
between two properties should be expected/is consistent with
the physical/theoretical framework.

This process begins with detection of patterns of change in
a biologic or geologic variable of interest, usually a change of
large magnitude occurring as either an incremental directional
trend or a threshold-like change. Detection of temporal
changes is followed by a search for changes in other variables
as independent confirmation that ‘something is happening’
(e.g. Erwin, 2006; Montañez 

 

et

 

 

 

al

 

., 2007). In particular,
patterns are sought in variables that can be assessed independently
of the one(s) in which the change was first detected.

The correlation of patterns in independent data sources
follows the identification of trends. It is facilitated by high
resolution stratigraphic correlation on several temporal scales.
Most importantly, as in the examples used in this paper, all of
the proxy time series should come from the same set of
successions/samples. Thus, even if absolute time control
cannot be well established, excellent constraints can be placed
on relative age assignments. Broader regional and global
correlations, to standard geologic time series, can greatly
expand understanding of the patterns in question by linking
them to other well-constrained studies (for example: linking
‘near field’ polar glacial records to ‘far field’ equatorial
sedimentary patterns and climate proxies – papers in Martini,
1997; Fielding 

 

et

 

 

 

al

 

., 2008b).
When comparing data from different locations, it is necessary

to evaluate the spatiotemporal scope of the patterns and processes
under investigation in order to avoid scale mismatches when
pairing data from different sources. This certainly must
precede inference of a causal link when moving from a pattern
of correlation to a hypothesis of causation. Temporal-scale
considerations in particular are essential in the comparison of
biotic and abiotic patterns: do the supposed cause and effect
variables match up temporally and spatially – do they occur at
the same rates, over the same intervals of time, or have effects
of similar spatial scope? One also must ask if there is a logical
link between the biologic and the physical variables that have
been identified as of interest; i.e. from our understanding of
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the world, is there a plausible reason to expect cause and
effect? This usually will be based on reasoning from actualistic
patterns and uniformitarian assumptions, which undergird
inference at the level of causation; however, knowledge of
unusual events in geologic history also helps us to imagine
possible scenarios outside of modern experience. Usually,
variables initially are divided into dependent and independent,
i.e. they are ordered relative to one another as ‘driver’ and
‘response’. Most often, one class of variables (here physical
factors) is considered to be ‘independent’ and another class
(here biotic conditions, and certain physical climate variables)
‘dependent’, though this will be blurred by feedbacks, which
likely exist in the systems under consideration here. Many
studies of extant ecosystems show strong, and often non-
linear, plant and animal responses to the distribution of and
changes in physical conditions, both climatic and substrate/
soil related (Webb 

 

et

 

 

 

al

 

., 2006).
In the end, based solely on this comparative approach, we

are still left with the matter of estimating the likelihood of
association between an observed change (effect) and the
presumed driving force or forces (cause). Any studies based in
the geologic record will suffer from this problem. The only
way around it is to introduce an experimental dimension,
which is where modeling becomes important as a means to
examine hypotheses of cause and effect independently (see below).

In the instances considered here, we wish to match changes
in the proportions of various plants (dominance), in taxonomic
richness (‘biodiversity’), or in the distribution of different
vegetation types (biomes) in a biogeographic region, with
coincident changes in climatically sensitive geologic variables,
such as stable isotopes, paleosol morphologies, or relative
sea-level. This is done under the assumption, based on modern
examples, that the physical factors are most likely to be drivers
of biotic change, but that there may be detectable feedbacks.
We consider the hypotheses in light of experimental approaches
using global climate models, where appropriate by integrating
existing climate simulations for tropical Pangaea during the
late Paleozoic. We also compare data and model results in each
example to several possible explanatory frameworks or
working hypotheses.

 

The best-of-field fallacy

 

The great population geneticist, J.B.S. Haldane once said that:
‘The universe is not only queerer than we suppose, it is queerer
than we 

 

can

 

 suppose’. This statement could be a motto for
those working in paleoecology and climatology. The distant
past may contain physical and biologic systems that are outside
of the experience of those working in the modern world or the
recent ice ages.

In historical science, our experience and imagination con-
strains what we choose as explanations for the patterns we see.
In what was described as the ‘best of field fallacy’ (Macbeth,
1971), we choose between explanations ‘a’, ‘b’, and ‘c’, when,

in fact, the correct answer is ‘d’. Just how we envision or create
‘d’ de novo is a matter for philosophers and students of
neurobiology (e.g. Feyerabend, 1993). In the best-of-field
context, we should expect that our causal explanations of
patterns will be, potentially, incorrect, and subject to improve-
ment as new data or new ideas and insights intrude into the
explanatory framework.

Reconstructing past system behavior may have to allow for
conditions unlike those of today. We must, however, assume
that the underlying physical principles do not change. Thus,
bio- and geophysical first principles allow the interpretation of
the state of, or trends in, proxies by which we estimate many
of the variables of interest. These proxies can be mainly physico-
chemical (paleosol morphology, mineralogy, geochemistry)
or biomechanical (e.g. functional morphology; metabolic scaling
relationships). First principles permit a more straightforward
interpretation of the meaning of these proxies and of changes
therein.

Perhaps the only means of escape from the limitations
imposed by absence of modern analogues for particularly
peculiar ancient situations, and for lack of imagination or
understanding as applied to them, is to undertake modeling.
Models, through the systematic use of physical principles, can
elucidate possibilities that are not perceptible/conceivable by
other means and serve as ways to sidestep both uniformitarian
and correlation-causation constraints. Models require explicit
description of the system from first principles, so that all the
parameters are known and the states of all the variables
specified at the outset. This provides for the possibility of
experimentally manipulating the system (assuming it has been
reconstructed reasonably accurately), even to the point where
conditions that lie outside of the realm of modern experience
can be specified. In this manner, hypotheses can be tested
explicitly and model outputs can be tested directly against
empirical data. Models also may fall prey to the best of field
fallacy. Inasmuch as a system can be described from first
principles, a model may escape this syndrome. However, the
incorporation of processes and/or dynamics that are not
known or cannot be described from first principles, but are
rather determined from empiricism, opens the possibility that
the model may be biased toward the modern. This can be a
particular problem when using models, such as general
circulation models, that have been optimized for the present
climate.

 

VEGETATION–CLIMATE RELATIONSHIPS

 

Vegetation closely reflects climate at any given time and place
in earth history. That this is so led Köppen (1936, translated
in Claussen, 1998) to describe vegetation as ‘crystallized,
visible climate’, which though a bit hyperbolic expresses the
essence of biogeography. This close relationship between plants
and the global environment has permitted the development of
biogeographic frameworks, such as the dynamic biome system
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of Walter (1985), the descriptive life-zones of Holdridge
(1967), or more recent attempts to describe the distribution
of plants on the basis of their physiologic and structural
attributes (e.g. Prentice 

 

et

 

 

 

al

 

., 1992; Woodward 

 

et

 

 

 

al

 

., 2004).
The most recent examples aim their systems to feed squarely
into land surface models coupled to atmospheric general
circulation models (GCMs), so that vegetation responses to
climate change can be predicted under various future-climate
scenarios (e.g. Woodward & Lomas, 2004). Past climates, too,
have been modeled and used to predict patterns in extinct
vegetation (Beerling & Woodward, 2001), mainly using
climate (e.g. temperature, precipitation) as the driver with the
plants responding (e.g. the tandem papers of Gibbs 

 

et

 

 

 

al

 

.,
2002 and Rees 

 

et

 

 

 

al

 

., 2002 for the Permian). Ziegler 

 

et

 

 

 

al

 

.
(2003) made the strong case for a link between air mass
dynamics, consequent climate patterns, and vegetational
distribution, beginning with the Permian and advancing to the
present day.

Plant–climate patterns must be looked at from a hierarchical
perspective. Many of the more descriptive systems can be
described as ‘correlative’ or ‘static’, and produce climate
envelopes by which vegetation is circumscribed. Other
approaches, described as ‘dynamic’ or ‘process based’ (Shugart,
1997), attempt to link plant physiologic and distributional
patterns (Cramer 

 

et

 

 

 

al

 

., 2001) to particular vegetational traits.
These more dynamic models reduce the complexity of
vegetational characterization, if for no other reason than to
make the models computationally tractable. Bonan 

 

et

 

 

 

al

 

.
(2003), for example, have reduced tree-dominated vegetation
to seven types globally, Woodward & Lomas (2004) to five,
and have focused on the identification of ‘functional types’
(see papers in Smith 

 

et

 

 

 

al

 

., 1997; Bonan 

 

et

 

 

 

al

 

., 2002). Such
dynamic models are expressly individualistic (Gleasonian) in
their mechanistic underpinnings (Prentice 

 

et

 

 

 

al

 

., 1992),
assuming that larger spatial patterns emerge from the dynamic
responses of individual plants, conditioned evolutionarily by
their species identities. This is certainly supported by the
patterns of vegetational recovery following the last glacial
maximum, which have been well documented by Quaternary
paleoecologists (e.g. Huntley & Webb, 1989), often resulting
in so-called non-analogue communities (Overpeck 

 

et

 

 

 

al

 

.,
1992; Williams & Jackson, 2007). The question is this,
however: Are there scale breaks in or spatial limits to these
individualistic vegetational dynamics, resulting in higher order
spatial patterns that converge on/are effectively the same as
the vegetation–climate envelopes identified by the static
approaches (DiMichele 

 

et

 

 

 

al

 

., 2005a)? In other words, are
individualistic dynamics spatially bounded, occurring mainly
within larger vegetational units, such as biomes, between
which there is limited species overlap?

Dynamic interactions among individual plants, appearing
stochastic at the lowest spatial levels, may manifest themselves
within bounded and persistent species-pools or biomes at
larger spatial scales. In such a hierarchy, composition becomes

increasingly more subject to static characterization at the
larger spatial scales. Consider the recently proposed Unified
Theory of Biodiversity and Biogeography of Hubbell (2001),
in which plant species are considered, at the smallest spatio-
temporal scales, to be effectively ecologically identical in terms
of their resource requirements. This may have applicability
within a species pool, which one might broadly construe as a
biome. For example, can one realistically differentiate a
particular ‘maple-only’ versus ‘beech-only’ spot on a hillside in
the central Appalachian mountains? Yet, one can differentiate,
in terms of likelihood, areas and habitats more conducive to
colonization by maple, beech or other members of that species
pool, than by spruce or larch or members of that species pool.
Such higher-level spatial-scale vegetational boundaries, or
ecotones, may reflect physical controls, deriving from plant
evolutionary responses to the discontinuous distribution of
physical factors (rainfall, temperature).

Work with wholly extinct fossil plant groups and the species
pools or biomes they constitute, is much more restricted in its
flexibility than investigations of fossil plant groups and floras
closely related to those living today (the nearest living relative
approach of Mosbrugger & Utescher, 1997; Mosbrugger,
1999). For the most part, studies of late Paleozoic biomes
have had to rely on the description of recurrent plant associations
in light of climatic proxy variables, or by mapping such plant
associations onto the results of GCM simulations. Ziegler
(1990), for example, used the Walter (1985) biome model to
divide the Permian into an on-average series of climate-based
biomes paralleling those of the present day. Rees (2002) and
Rees 

 

et

 

 

 

al

 

. (2002) modified this approach by assigning
statistically identified groups of plant taxa to biomes based on
Walter’s scheme. They assembled global plant-assemblage
data for several Permian geologic stages, which are large time
bins of temporal durations that exceed the temporal scale of
climatic fluctuations, thus introducing significant time averaging
into the data. The statistically identified plant associations were
located paleogeographically and then compared to climate
simulations (Gibbs 

 

et

 

 

 

al

 

., 2002), and biomes identified by
linking the plants to modeled climate parameters.

 

Incorporating feedbacks

 

It seems intuitive that vegetation does more than respond to
changes in climate – it actively affects climate through feedbacks
(e.g. Woodward 

 

et

 

 

 

al

 

., 1998; Webb 

 

et

 

 

 

al

 

., 2005, 2006; Bonan,
2008). Feedbacks are not well understood, though such
understanding is improving, primarily through modeling
studies that link GCMs to various kinds of dynamic vegetation
models (six of which are compared in Cramer 

 

et

 

 

 

al

 

., 2001),
generally studied in the context of changing atmospheric CO

 

2

 

concentrations. For a brief, concise review of vegetation–
climate feedback, see Feddema 

 

et

 

 

 

al

 

. (2005); Brovkin (2002)
and Bonan (2008) provide longer, more comprehensive
reviews.
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Feddema 

 

et

 

 

 

al

 

. (2005) divide feedbacks into two categories,
biogeochemical and biogeophysical. The former are effects of
vegetation on biogeochemical cycles, such as the carbon cycle
or hydrologic cycles (see Zeng 

 

et

 

 

 

al

 

., 2004 for discussion of
possible positive feedbacks between atmospheric CO

 

2

 

 and the
carbon cycle). The latter is a broader category in which
vegetational structure and abundance affect aspects of the
physical climate such as reflectivity of the earth’s surface
(albedo), partitioning of heat transfer from the earth to the
atmosphere into sensible versus latent components, and land-
surface roughness. Ultimately, these physical aspects influence
cloud cover, local temperatures, the position of rising versus
descending circulating air currents, and rainfall patterns. One
of the simplest positive correlations is between rainfall,
measured as ‘rain days’ and vegetation cover (Webb 

 

et

 

 

 

al

 

.,
2006). Thus factors that increase vegetation cover will tend to
increase rainfall, and vice versa, resulting in positive feedback
loops, though such effects may be very local and not translate
from small to large spatial scales (Webb 

 

et

 

 

 

al

 

., 2005). Tropical
rain forests, for example, have low albedo, which leads to an
increase in net radiative heating and rising air masses. This
ascending air causes low pressure to develop near the surface,
increasing the local water vapor flux, enhancing precipitation
and leading to greater soil moisture, greater latent heat flux
and greater forest growth (Lofgren, 1995). Conversely,
reduction of vegetation can lead to an increase in surface
albedo and a decrease in net radiative heating. These radiative
changes, along with a decrease in soil moisture and latent heat
flux, promote subsidence of dry air. This further reduces
vegetation and increases albedo, resulting in another
positive feedback that is particularly strong in desert areas
and tends to maintain them (Lofgren, 1995; Brovkin,
2002; Foley 

 

et

 

 

 

al

 

., 2003). In snow-covered arctic environ-

ments, increases in global temperatures result in increased
vegetation cover, reduced albedo, elevated temperatures,
and further expansion of vegetation (Woodward 

 

et

 

 

 

al

 

.,
1998).

Such feedbacks likely existed on the Paleozoic earth as well
and have been incorporated into some modeling approaches.
Poulsen 

 

et

 

 

 

al

 

. (2007), for example, modeled late Paleozoic
climate using a GCM coupled to an equilibrium vegetation
model based on the modern earth; the vegetation model was
modified, however, to eliminate grasses, which had not yet
evolved. Unlike a static modeling approach, the coupled
climate–vegetation modeling approach attempts to capture
biogeophysical interactions between climate and vegetation.
Nonetheless, it still relies on modern climate–biome relationships
that may or may not be appropriate for the distant past.
Coupled climate–vegetation models of the late Paleozoic
predict profound changes in vegetation and continental
climate with an increase in atmospheric CO

 

2

 

 from modern
(355 ppmv) to high (2800 ppmv) levels (Poulsen 

 

et

 

 

 

al

 

.,
2007). Changes in atmospheric CO

 

2

 

 concentrations in the
past could have acted as initiators of changes in the distribution
and dynamics of vegetation (e.g. Montañez 

 

et

 

 

 

al

 

., 2007),
resulting in positive feedback loops similar to those linked
to modeled shifts in landcover associated with rising CO

 

2

 

 in
our current world (DeFries 

 

et

 

 

 

al

 

., 2002; Feddema 

 

et

 

 

 

al

 

.,
2005).

 

System thresholds and multiple stable states

 

The character of vegetational change in response to changing
climate may follow several different dynamic pathways, with or
without vegetation feedbacks (Fig. 1). In the conceptually
simplest, local and regional species composition change

Fig. 1 Four conceptual models of the relationship between environmental change (Climate State) and vegetation response (Vegetation State). See text for details.
Modified from Gordon et al. (2008).
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gradually through time, tracking a gradual change in climate.
More difficult to study are changes that happen at threshold
points. In these instances, vegetation resists gradual changes in
climate only to respond with a catastrophic change in state
once a climatic threshold is passed. In the simplest case, the
threshold divides two distinct states with different environmental
tolerances. More difficult to document is the instance of
multiple or alternative stable states that can exist under a range
of identical climatic conditions. In this case, the shift from
one state to another may occur at a threshold, however, the
transition points between states lie at different points in
climate space. For example, a unit change in climate parameter
X may lead to a vegetational change, but a unit change in
parameter X in the opposite direction will not reverse the
transition. This path-dependent behavior in a system is
referred to as ‘hysteresis’. A third possibility for a threshold
response is irreversibility, where change from state 1 to state 2
cannot be reversed under any circumstances. These response
patterns are summarized by Scheffer et al. (2001), Foley et al.
(2003), and Gordon et al. (2008). Positive feedbacks between
climate and vegetation can play a role in any of these response
types, but are implicated most strongly as drivers in the
alternative/multiple-stable-state systems. The problem for
neoecology has been documenting these systems, because one
must be able to isolate environmental variables, which is
difficult in a field-based study (e.g. Sousa & Connell, 1985;
Petraitis & Methratta, 2006).

In a modern example, it has been argued by several authors
(Claussen, 1998; Brovkin, 2002; Foley et al., 2003) that an
apparently rapid shift from a vegetated to a nearly unvegetated
state in the modern Sahara, about 5500 years ago represents a
catastrophic, alternative stable state response. In this situation,
the switch between a green and a desert Sahara was driven by
positive feedbacks between vegetation cover, albedo, and
rainfall patterns. Once vegetation cover dropped to some
threshold point, the change from a vegetated to an unvegetated
state is proposed to have happened rapidly. This is not a
universally accepted conclusion, however, and recent papers
have challenged this both through empirical study of palyno-
logic data (Kröpelin et al., 2008) and modeling studies (Liu
et al., 2006), the latter implying a threshold-like response but
one driven strictly by vegetational tracking of climate change,
without positive feedbacks between vegetation and climate. In
the strictest conception of the alternative state concept, the
physical conditions under which the alternative states exist
should be effectively the same.

Variations on any or all of these possible response profiles
may belong among the multiple working hypotheses that
form the spectrum of explanatory models for vegetation
change in the deep past. We believe that a threshold model,
possibly one of alternative stable states or irreversible change,
may apply to our first case study. In the second case study, a
threshold-like response or a more gradual change seem to be
called for.

CASE STUDIES

Case study 1: The middle–late Pennsylvanian transition

A change in terrestrial tropical wetland vegetation has been
documented across the middle–late Pennsylvanian transition
(Fig. 2) (Phillips et al., 1974; Pfefferkorn & Thomson, 1982;
Phillips & Peppers, 1984; Phillips et al., 1985; DiMichele &
Phillips, 1996; Kosanke & Cecil, 1996; Peppers, 1996, 1997;
Cleal & Thomas, 2005). In other publications this boundary
is variously identified as the Desmoinesian–Missourian,
Westphalian–Stephanian, or Moscovian–Kasimovian, as well
as the middle–late Pennsylvanian. These boundaries are,
however, not temporally equivalent, even though they have
often been treated as such (e.g. see Gradstein et al., 2004;
Fielding et al., 2008a; Heckel, 2008; Ogg et al., 2008). We
have chosen to call this simply the middle–late Pennsylvanian
transition and await final biostratigraphic placement of the
stage boundaries, against which the biotic and geophysical
changes can then be assessed.

The biotic pattern is a rapid, essentially catastrophic change
from wetland vegetation rich in, or dominated by, giant
lycopsid trees, seed ferns and tree ferns, to one dominated by
tree ferns, with subdominant seed ferns; the change also
includes significant turnover in species and genera within the
major evolutionary lineages involved (DiMichele & Phillips,
1996; Peppers, 1996) (Fig. 3). The change did not encompass
the entire Pangaean tropics, extending through Euramerica
but not into China, where middle Pennsylvanian-type vegetation
persisted well into the Permian in wetland environments
(Hilton & Cleal, 2007; Pfefferkorn & Wang, 2007).

This vegetational change occurred during a time of dynamic
climatic change. First of all, much of the Pennsylvanian was a
time of glacial–interglacial oscillations probably on time scales
approximating those of the Pleistocene (Wanless & Shepard,
1936; Heckel, 1994, 2002; Horton et al., 2007; Heckel in
Ogg et al., 2008). Thus, environmental conditions in the
tropics were changing regularly, on orbital frequencies (e.g.
Heckel, 1986; Drummond & Wilkinson, 1993; Cecil et al.,
2003; Perlmutter & Plotnick, 2003). Theoretical climate
models (GCMs) support this connection between fluctuating
high-latitude ice sheets and tropical climate. Peyser & Poulsen
(2008) and Poulsen et al. (2007), using late Paleozoic GCM
simulations, demonstrate that the glaciation/deglaciation of
polar regions on Gondwana could have substantially altered
precipitation levels and the seasonal distribution thereof, as
well as surface temperatures over low-latitude Pangaea.

As a consequence of these environmental oscillations on
orbital time scales, the wetland vegetation of the Pennsylvanian,
which has led to its characterization as the ‘coal age’, was but
one phase of the linked ice volume/climate/sea-level cycles.
Such wetland vegetation was present only periodically in
lowland Pennsylvanian basins with other kinds of floras, typical
of seasonally dry conditions, often present between the times
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of peat formation. Delta-switching models that would have
peats (of the type leading to economic coal beds) forming in
some delta lobes while clastic sedimentation occurred nearby
on some other lobe, and limestones formed elsewhere nearby
(e.g. Horne et al., 1978) have been largely abandoned. Such
models fail to account for the differential climatic and
physicochemical conditions attending the formation of in situ
thick beds of terrestrial organic matter versus carbonate and
evaporite precipitation from seawater, and how these differ
further from climates suitable for transport and deposition of
clastics (Cecil, 1990; Cecil et al., 2003). Coal beds represent
ancient peat-forming mires, which require moisture input to
exceed evapotranspiration nearly year-round, conditions that
Cecil (1990; see also Cecil et al., 2003) has labeled ‘humid’ or
‘perhumid’. This same basic flora, differing slightly in species
composition and dominance patterns from that of the
peat-forming mires, is preserved in clastic rocks deposited
above and below the coal beds. The plants of this flora likely
grew in mineral-soil flood basins also under humid conditions
(Gastaldo, 1996), though with slightly more seasonality than
that needed for peat accumulation. Periods of transport of large
amounts of clastics into the basinal lowlands is a sedimentary

characteristic requiring some seasonality of rainfall (Cecil,
1990; Cecil & Dulong, 2003).

Alternating with these wetter times were intervals when the
basinal lowlands experienced seasonality of rainfall. Moisture
seasonality is indicated by the presence of vertic paleosols
(frequently representing the immediate seat earths/underclays
of coal beds – indicative of seasonal climates), or marine rocks
of various types. In addition, there is both palynologic (e.g.
Peppers, 1997; Dimitrova & Cleal, 2007) and macrofossil
(e.g. Lyons & Darrah, 1989; DiMichele & Aronson, 1992;
Plotnick et al., 2008) evidence between the coal beds that an
entirely different assemblage of plants lived in the basinal
lowlands, dominated by species tolerant of seasonal moisture
regimes (see case study 2). Where the wetland plants went
when the seasonally dry vegetation occupied the lowland
basins is unknown – they could have migrated out as an intact
unit, later to migrate back in, or they might have disassembled
into isolated refugial pockets in wet areas, to reassemble
during the next period of wet tropical conditions (DiMichele
et al., 2002). This dynamic is different from that seen in the
modern Amazonian forest that appears to persist intact, even
if there are some changes in species composition, forest extent,

Fig. 2 Changes in major groups of fossil plants during the middle–late Pennsylvanian transition based on palynologic analyses of coal beds from the Illinois Basin,
USA. Diagram from Phillips et al. (1974) Fossil plants and coal: patterns of change in Pennsylvanian coal swamps of the Illinois Basin. Science, 184, 1367–1369,
reprinted with permission of AAAS.
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and structure between Pleistocene–Holocene glacial maxima
and minima (e.g. Bush et al., 2007).

This cannot be overstressed, and so we repeat it: Pennsylvanian
humid-to-perhumid climate, the wetlands that climate
engendered, and the flora that grew under that climate, came
and went repeatedly as sea-level and climate in the tropics
fluctuated, presumably in response to changes in ice volume.
Other kinds of plants dominated the basinal environments
when the vast wetlands were not there (e.g. Cridland & Morris,
1963; Broutin et al., 1990; DiMichele & Aronson, 1992;
Kerp, 1996; Falcon-Lang et al., 2004), and these non-
wetland plants belonged to a distinct biome, representing a
different climatic regime from that under which the wetlands
predominated (DiMichele et al., 2008).

Our understanding of the dynamics of the vegetation
during this time period must be framed by this intermittent
appearance of peat forming and clastic wetlands during the
Pennsylvanian, and through the middle–late Pennsylvanian
transition.

Vegetational patterns
In abstract, the middle–late Pennsylvanian changes are these:
middle Pennsylvanian wetland environments were dominated
for over 9 million years by a complex of plants consisting, by
the end of the middle Pennsylvanian, of numerous species and
genera of arborescent lycopsids, seed ferns, cordaitalean seed
plants, calamitean sphenopsids and marattialean tree ferns.
During the middle–late Pennsylvanian transition, the dominance
patterns in wetland vegetation changed dramatically throughout
the European and North American equatorial basins. Well
over half the species typical of middle Pennsylvanian wetlands
went extinct, based on both adpression and coal-ball
macrofossil data (e.g. DiMichele & Phillips, 1996; Blake et al.,
1999). In the late Pennsylvanian, tree ferns dominated most
wetland settings (e.g. Falcon-Lang, 2006; Willard et al.,
2007); they were both diverse and abundant. On average seed
ferns were subdominant, with only one major genus of
lycopsid tree, Sigillaria, remaining as a significant element.
Calamiteans continued to play a relatively minor role, as did
cordaitaleans. This change did not happen in wetland basins of
far eastern Pangaea, on the Chinese microcontinents, where
middle Pennsylvanian type floras persisted until the later
Permian (Hilton & Cleal, 2007).

The morphology and basic ecology of the wetland plant
groups is reviewed in a number of papers (e.g. DiMichele &
Phillips, 1994; Cleal, 2007).

During the latter part of the middle Pennsylvanian, in the
coal basins of Euramerica, the flora of the wettest areas was
dominated by many species of giant lycopsid trees belonging

Fig. 3 Changes in taxonomic composition of coal beds based on macrofossils
preserved in coal balls during the middle–late Pennsylvanian transition. The
boundary between the middle and late Pennsylvanian lies between the Danville
and Bristol Hill Coals. Based on the data in DiMichele & Phillips, 1996.
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to several genera – this group is extinct (Fig. 4). Lycopsid trees
varied in height from several meters to over 40 m (Thomas &
Watson, 1976). Intermixed to varying degrees with these
trees, and dominating other parts of the wetlands on their
own, were tree ferns belonging to the order Marattiales – this
group is still extant but modern examples are not trees. Middle
Pennsylvanian marattiales were relatively small trees compared
to those of the late Pennsylvanian, which were much larger
(Lesnikowska, 1989; Falcon-Lang, 2006). All were of
extremely ‘cheap’ construction, the stems and roots consisting

largely of air spaces (Ehret & Phillips, 1977; Baker & DiMichele,
1997). Also locally abundant to dominant in clastic substrate
wetlands, less so in peats, were medullosan seed ferns, a diverse
group of trees, shrubs and vines (Pfefferkorn et al., 1984;
Krings et al., 2003; DiMichele et al., 2006a). Calamitean
sphenopsids and cordaitalean seed plants also were present in
lowland settings as less abundant components.

During the late middle Pennsylvanian the tree ferns underwent
a gradual increase in abundance in lowland, wetland environ-
ments of all types. In clastic substrate settings they increased
both within floras dominated by other groups of plants, and
in their dominance of landscape patches (Pfefferkorn &
Thomson, 1982; Peppers, 1997; Dimitrova et al., 2005). In
peat-forming habitats, tree ferns became generally more
abundant, though this abundance appears to have been
concentrated in assemblages of mixed species composition,
probably not the wettest subenvironments within these
settings (Phillips & DiMichele, 1981; Phillips et al., 1985;
DiMichele & Phillips, 1988; Peppers, 1996; DiMichele et al.,
2002). In addition, the patterns across Euramerica suggest
that the proportion of tree ferns to lycopsids was strongly
affected by local conditions, including water tables within
accumulating mires (Dimitrova & Cleal, 2007), thus indicating
regional variability that was to continue into the earliest
post-turnover period.

In the late Pennsylvanian, tree ferns became the dominant
elements during the wetter intervals of the climate/sea-level
cycles in many kinds of lowland habitats of the equatorial
region. Palynologic analyses of coal beds (e.g. Peppers, 1985,
1996; Willard & Phillips, 1993; Kosanke & Cecil, 1996)
indicate that specific patterns of tree fern dominance varied
greatly from coal to coal in the late Pennsylvanian, even
though tree ferns as a group were dominant in peat-forming
settings. Macrofossil coal-ball analyses (Phillips et al., 1985;
Willard & Phillips, 1993; Willard et al., 2007) also indicate
considerable variation in the particular tree ferns that were
abundant in any given peat mire. Variability in tree-fern
composition of mire forests also occurred in the late middle
Pennsylvanian, but involved different tree fern species from
those of the late Pennsylvanian (Mahaffy, 1988; Willard,
1993). Tree fern diversity in clastic wetlands during the late
Pennsylvanian, as determined from adpression fossils, also was
considerable (e.g. Knight, 1983).

The floristic changes detected in the Euramerican portion
of the tropics do not occur in the far eastern regions in the
Chinese microcontinents (Hilton & Cleal, 2007). The Chinese
floras are dominated by arborescent lycopsids, cordaitaleans,
and other groups similar to those from the middle Pennsylvanian
of Euramerica, and also include other elements, such as
Noeggerathiales (Pfefferkorn & Wang, 2007) in some
deposits. The persistence of many elements of the middle
Pennsylvanian wetland flora, similar at the taxonomic level of
family and perhaps genus, in the eastern microcontinents
probably reflects the persistence of wet conditions there across

Fig. 4 Reconstructions of giant lycopsid trees. Left-to-right: Diaphorodendron
scleroticum, Lepidophloios hallii*, Paralycopodites brevifolius, Synchysidendron
dicentricum*, Sigillaria approximata*, Diaphorodendron phillipsii, Lepidodendron
hickii*. All trees are shown in their mature, reproductive states and
architectures. Those names above marked with an asterisk (*) are monocarpic,
producing all cones in the crowns; the plants would have grown as unbranched
poles until near the end of life when the crowns and accompanying
reproductive organs were produced, followed by tree death. Reproduced from
Bateman et al. (1992) Experimental cladistic analysis of anatomically preserved
arborescent lycopsids from the Carboniferous of Euramerica: An essay on
paleobotanical phylogenetics. Annals of the Missouri Botanical Garden, 79,
500–599, reprinted with permission of the Missouri Botanical Garden Press.
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the middle–late Pennsylvanian transition and beyond; certainly
a threshold in environmental conditions was not crossed in the
Chinese microcontinents. This will not be discussed further in
this paper.

Structure of lycopsid versus tree-fern-dominated vegetation
As a final point, the basic architecture of middle and late
Pennsylvanian wetland arborescent vegetation may have
differed considerably. These differences could have had
profound effects on the relationships between the vegetation
and the local-to-regional climates. There is considerable
evidence that large tracts of late middle Pennsylvanian lycopsid
tree-dominated vegetation were extremely open, compared to
what we think of as tropical forests today. This inference is
based on two lines of evidence. (1) Morphologic studies
suggest that many common and abundant giant lycopsids
grew for most of their lives as unbranched poles, probably
covered with leaves, adding the branched, so-called crown
only in the final phase of determinate growth (Fig. 4).
Appearance of the crown in these growth forms was associated
with the end of individual tree life and the formation of
reproductive organs (Andrews & Murdy, 1958; Eggert, 1961;
DiMichele & Phillips, 1985; Phillips & DiMichele, 1992).
Thus, the crown of these trees was not a light-intercepting
device, and a treed landscape, which we hesitate to call a forest,
could have, at stages, been composed of a mass of large poles.
(2) Studies of the distribution of lycopsid tree stumps
preserved in coal mines suggest such stands varied greatly in
the amount of subcanopy, understory, or ground-cover
vegetation associated with them, that the trees were effectively
randomly distributed in space, and that in flooded
environments they may have formed low diversity lycopsid-
only stands (Gastaldo, 1986a,b; DiMichele & DeMaris, 1987;
Wnuk & Pfefferkorn, 1987; DiMichele et al., 1996; Gastaldo
et al., 2004). Consequently, large tracts of lycopsid-tree
wetlands may have had exposed, unshaded surfaces,
apparently flooded for much of the time. In contrast, post-
change, late Pennsylvanian tree fern vegetation appears much
more likely to have formed closed canopies (Fig. 5), at least in
patches. For example, Falcon-Lang (2006) reports in situ tree
fern forests with standing trees much more densely packed
than has been inferred for lycopsid trees based on in situ tree
stumps in the middle Pennsylvanian. Furthermore, morphologic
studies of marattialean tree ferns (e.g. Morgan, 1959;
Lesnikowska, 1989) show them to have had canopies of large
fronds that likely shaded substrates (Fig. 6). However, tree-
fern-dominated forests also are richer in vines and ground
cover, suggesting open areas likely resulting from higher
disturbance frequencies than in lycopsid-dominated vegetation.

Environmental conditions and changes
In many parts of Euramerica, there are distinct differences in
the character of middle and late Pennsylvanian rocks, when
similar stratigraphic increments of the inferred climate/

sea-level cycles are compared. The sea-level lowstand
component of middle Pennsylvanian cyclothems is composed
of highly weathered sands, siltstones and mudstones, including
histosols, Fe-oxide nodule and rhizolith-bearing spodosols,
ultisols and subordinate amounts of vertisols lacking
carbonate (Cecil et al., 1985; personal observations of the
authors based on core and outcrop from the Donetz,
Applachian, and Illinois basins). The matrices of those gleyed
spodosols and ultisols underlying coal beds, conventionally
referred to as ‘underclays’, are Al-oxide- and kaolinite-rich
with low base saturation, indicative of deep leaching under wet
conditions (Montañez et al., 2008a).

In late Pennsylvanian cyclothems, sandstone deposits are
significantly less weathered and exhibit gleyed colors reflecting
the presence of Fe-Mg-rich minerals. Coal beds (histosols) are
fewer and less well developed. Reddened siltstones and
mudstones reappear abundantly in the succession for the first

Fig. 5 Contrasting canopy structure between late middle Pennsylvanian and
early late Pennsylvanian peat mire vegetation at approximately the same scale.
Note the greater overall height, but much greater openness of the middle
Pennsylvanian, lycopsid tree-dominated assemblage, with locally closed
canopy patches comprised of tree ferns and pteridosperms. The late
Pennsylvanian tree fern canopy is closed, with a few emergent lycopsids.
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time since the upper Mississippian succession. Late Pennsylvanian
paleosols exhibit macromorphologic indications of being
better drained than those of the middle Pennsylvanian and are
dominated by vertisols and calcic vertisols, and subordinate
calcisols. Morphologic characteristics of these paleosols are
clearly indicative of strong seasonality and a predominance of
months when evaporation exceeded precipitation, including
both well-developed vertic features (e.g. clastic dikes,
slickensides, mukkara subsurface bedding) and development
of calcareous horizons (as carbonate rhizoliths and nodules),
indicative of high evapotranspirative loss of moisture (e.g.
Jenny, 1941; Arkley, 1963; Royer, 1999; Nordt et al., 2006).
There also is minimal pedogenic clay accumulation. Shifts in
!18O values of pedogenic calcites and meteoric calcite cements
in limestones within the same cyclothems indicate a significant
drop in effective moisture across the boundary, presumably
due to a decrease in precipitation. This suite of characteristics
indicates formation of earliest late Pennsylvanian paleosols
under strongly seasonally dry climates. Thus, overall, there
appears to have been a geologically rapid shift in climate from

more humid conditions in the middle Pennsylvanian to moist
subhumid-to-semiarid conditions in the late Pennsylvanian.
Superimposed on this shift was the continuation of the
shorter-term (104 to 105 year) climate/sea-level cycles
recorded by individual cyclothems.

Notably, in the latest part of the middle Pennsylvanian, coal
beds indicative of the wetter end-member of the climate cycles
become progressively thinner and of lower quality, including
increases in clastic partings, suggesting a reduction in the
duration of climatic conditions favorable for peat formation.
In North America this applies to the Appalachian Basin (Cecil
et al., 1985; Winston, 1990; Kosanke & Cecil, 1996), and the
mid-continent regions of the Illinois and Western Interior
basins (Kosanke et al., 1960; Phillips & Peppers, 1984;
Peppers, 1997). In the early late Pennsylvanian, coal beds
continue to be thin and rarely of economic quality (the
so-called ‘Lower Barren Measures’ in the Appalachians, see
Condit, 1909). These facies trends indicate that initially
sea-level lowstands within late Pennsylvanian short-term
cycles (cyclothems) continued to be the most humid parts of
those cycles, times at which peats formed, as has been inferred
for the middle Pennsylvanian (Cecil et al., 2003). Effective
moisture during interglacials appears to have been significantly
lower, however, than during middle Pennsylvanian interglacials,
and precipitation more seasonal. Note, however, the suggestion
of Olszewski & Patzkowsky (2003) that during the latest late
Pennsylvanian (Virgilian–Gzhelian) the wettest periods may
correspond to high stands of sea-level (interglacials?).

The record of sea-level changes in the equatorial regions
during the middle–late Pennsylvanian transition (Rygel et al.,
2008; Bishop et al., in review) indicates a reduction in the
amplitude of cyclothem-scale, sea-level fluctuations in the late
Pennsylvanian possibly associated with an overall global
high-stand of sea-level (Haq & Schutter, 2008). This is
broadly consistent with findings in the Gondwanan record of
significant reduction in the volume of polar ice during the later
middle Pennsylvanian and into the late Pennsylvanian,
possibly even the elimination of polar ice caps (Fielding et al.,
2008a,b).

The ultimate driver of these long-term changes is unknown.
Suggestions include the rise/fall of the Central Pangaean
Mountains (Ziegler et al., 1997; Otto-Bliesner, 2003) or
development of a mega-monsoonal climate (Kutzbach &
Gallimore, 1989; Kessler et al., 2001). However, the wide
geographic breadth of climate and vegetation changes across
equatorial Pangaea, and their relatively abrupt transition
between states, require a driver with broader impacts and
faster response times. Both modeling studies (Poulsen et al.,
2007) and empirical studies (Montañez et al., 2008a) point to
CO2 as a primary cause, although several factors may have
contributed (Cleal & Thomas, 2005; Peyser & Poulsen, 2008;
Tabor & Poulsen, 2008). Significantly, evidence exists for a
relatively rapid shift from humid to semi-arid–arid conditions
in the Paganzo Basin, northwestern Argentina at the end of

Fig. 6 Reconstruction of the marattialean tree fern Psaronius. Reproduced
from Morgan (1959) The morphology and anatomy of American species of the
genus Psaronius. Illinois Biological Monographs, 27, 1–108, reprinted with
permission of the University of Illinois Press.
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the Moscovian (Gulbranson et al., 2008), suggesting that the
tropical drying trend may have extended to higher latitude
southern Gondwana. Climate simulations for a range of
atmospheric pCO2 and ice volume on southern Gondwana
suggest CO2-forcing of drying across the middle–late
Pennsylvanian transition (Poulsen et al., 2007; Montañez
et al., 2008a). These emerging proxy records come from
throughout Pangaea and point to a mechanistic link between
ice-volume, sea-level amplitudes, precipitation levels and
atmospheric pCO2. In other words, when inferred pCO2 goes
up, ice appears to disappear at higher latitudes (Fielding et al.,
2008a), the amplitude of high-frequency sea-level events
goes down (significantly) (Heckel, 2008; Rygel et al., 2008;
Bishop et al., in review), and continental effective moisture is
significantly reduced.

Working hypotheses
The middle-late Pennsylvanian vegetational change appears to
be an ‘intra-biomic’ event. That is, the vegetational changes
involve evolutionary lineages (clades) that have their ecologic
centroids in physically similar wetland habitats, particularly
those that existed under humid conditions. As such, it was a
state change from vegetation type A to vegetation type B, both
of which, in modern terms, might be referred to as having
an evergreen-broadleaf physiognomy (e.g. Woodward et al.,
2004: though this appellation might not fit exactly to
Pennsylvanian vegetation – see comments by Johnson (2007)
and DiMichele et al. (2009) on use of the term ‘rainforest’ for
Pennsylvanian-age vegetation).

Wetland habitats of the late middle Pennsylvanian saw a rise
in weedy species of tree ferns, both interstitially and as
dominants of parts of the landscape, possibly in response to
changing physical conditions brought about by rising
atmospheric CO2 and warming global temperatures. Such
changes suggest somewhat more seasonality during the
wettest parts of climate cycles, resulting in dominantly planar
peat-forming environments, increasing vegetational patchiness,
and greater physical disturbance. The more seasonal climate
periods, which predominated between the wetter climatic
intervals, also began to become progressively drier. This
indicates an average shift of global tropical climates to greater
seasonality at all phases of climate/sea-level cycles, whatever
the average yearly rainfall at that part of the cycle.

A large change in dominant vegetation occurred across the
middle–late Pennsylvanian boundary, contrasting with the
relatively stable coal bed-to-coal bed patterns of the late
middle Pennsylvanian. This change appears to have been
accompanied by a significantly greater overall shift of the
extremes of the climate spectrum than that of the later middle
Pennsylvanian to still greater seasonal dryness. The reappearance
of peat-forming environments within each cycle, however,
indicates that climate cycling remained and included conditions
wet enough for the formation of thick peats. Early late
Pennsylvanian rocks appear to record a greater range of

climatic variation within any given climate/sea-level cycle than
in the late middle Pennsylvanian.

Thus, both sides of this middle–late Pennsylvanian boundary
are marked by repeated appearances of wetlands, and within
each the (different) vegetational structures were remarkably
persistent, returning with each reappearance of basinal
wetland habitats (e.g. DiMichele et al., 1996; Pfefferkorn
et al., 2000; DiMichele et al., 2002; Cleal, 2007). Despite the
rises and falls of sea-level and associated changes in climate in
the lowland basins, the vegetation characteristic of the middle
Pennsylvanian or late Pennsylvanian wetlands returned over
and over again for millions of years. The period of disruption
during the middle–late Pennsylvanian transition acts as a
separator. Many lines of evidence indicate that lycopsid-rich
vegetation (mixed with tree ferns and pteridosperms)
disappeared from the basins during what would seem to have
been just another in the long series of wet-dry, glacially driven
oscillations. What returned in its place, however, during the
wettest interval of the next cycle of peat accumulation, was a new
order, dominated by tree ferns and pteridosperms, with lycopsids
represented only by a paltry selection of sigillarian lycopsids.

We consider four conceptual models to explain this change
(Fig. 1). These are based on the models presented graphically
in Scheffer et al. (2001), and subsequently modified in
Scheffer & Carpenter (2003), Foley et al. (2003) and Gordon
et al. (2008). (1) A gradual change from vegetation type A to
vegetation type B during which there is significant mixing of
species. (2) A threshold-type regime shift from type or state A
to B, which happens rapidly once a certain set of conditions
is crossed during a directional environmental change. (3) A
threshold-type regime shift involving multiple stable states
with hysteresis in which more than one vegetational state can
exist under a given set of conditions, though not simultaneously.
In this latter case, if the change is reversible, the state A-to-state
B threshold will lie at a different point in climate space than a
state B-to-state A shift. (4) A multiple stable state system
involving an irreversible change of state.

We reject model (1) as a possible explanation. The vegetational
patterns show an abrupt change in composition that does not
track the inferred more gradual changes in atmospheric com-
position and changing moisture regimes. Temporal resolution
of the vegetation through this interval is good (e.g. Peppers,
1997). And the vegetation of the middle Pennsylvanian differs
vastly in species composition from that of the late Pennsylva-
nian, including major changes in the lycopsids (DiMichele &
Phillips, 1996), which disappear as dominants, and different
tree ferns (Lesnikowska, 1989; DiMichele & Phillips, 1996;
Peppers, 1996; Blake et al., 1999) and pteridosperms, which
rise to positions of dominance. In addition, the character of
the vegetation in the late Pennsylvanian is very different from
that of the middle Pennsylvanian in terms of the numbers and
diversity of climbing plants and ground cover, changes that
were not occurring gradually during the later middle
Pennsylvanian (Krings et al., 2003).
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Consideration of the threshold models requires rejection of
a large stratigraphic gap as the cause of the great vegetational
differences between the middle and late Pennsylvanian.
Correlations based on conodonts and cyclothem stratigraphic
relationships between the American mid-continent, Appalachians,
and eastern Europe, do not support an interval of extensive
missing time in the North American geologic section, as has
been asserted (Wagner & Lyons, 1997; Wagner, 2004), based
mainly on plant fossil occurrences. Paleobotanical patterns in
the Appalachians (Blake et al., 1999) and the mid-continent
(Peppers, 1997) indicate a nearly continuous record of
sedimentation across the middle–late Pennsylvanian boundary.
In the North American mid-continent coal basins, the time
hiatus represented across this boundary does not appear to be
detectably different from that found between other coal beds
within typical cyclothemic sequences. Although a paleosol is
present, there is no indication of significant downcutting,
which might be expected if there were lowered sea-level and a
long temporal hiatus in deposition on the craton.

Model (2) is a one-way threshold response in which the
vegetation potentially could reverse its state were the driving
physical conditions to reverse. This model must be viewed as
unlikely, given that wetland conditions suitable for the devel-
opment of peat-forming and humid floodplain vegetation are
present in both the middle and the late Pennsylvanian. Thus,
as far are we can resolve the environmental component, the
late Pennsylvanian wetlands represent a return to physical
conditions similar to those of the late middle Pennsylvanian,
but without a return to the earlier type of vegetation. In this
case, it could be argued that middle Pennsylvanian-type vegeta-
tion persisted outside of the region (it did – in China), or in a
fragmentary, marginalized state within the region, but that
wetland conditions in Euramerica were, in fact, different from
those of the late middle Pennsylvanian in ways that we have
been unable to resolve at present.

There are significant taxonomic compositional differences
between middle and late Pennsylvanian wetland floras. These
floras also differed in structure as well as in composition. That
of the middle Pennsylvanian not only contained the bizarre
lycopsid pole forests, but was highly heterogeneous spatially.
Several different kinds of plant associations have been
identified within peat-forming landscapes and there are
regional differences across Euramerica in the vegetation
(Cleal, 2007). In addition, the peat-substrate and clastic-
substrate floras were distinct at a variety of levels. In some
instances, for example, such as the lycopsid trees, different
species and even some genera may have characterized the
different kinds of wetlands, perhaps reflecting differences in
nutrient conditions (Willard, 1989a,b). In other instances, the
representation of pteridosperm foliage for example, the suite
of species reported from peat-forming vegetation (based on
coal balls) is a lower diversity subset of that known from
adpressed foliage, where the diversity of pteridosperms was
much higher (see citations in DiMichele et al., 2006a). In

contrast, late Pennsylvanian peat-forming environments and
those of clastic-substrate wetlands were significantly similar in
many ways. Marattialean tree ferns of many different species
dominated much of both kinds of settings and the surviving
lycopsids were the same in both (basically Sigillaria brardii).
And earlier late Pennsylvanian vegetational structure, as
mentioned above, also differed in a variety of ways from that
of the middle Pennsylvanian in many habitats.

A final bit of data that might be seen as consistent with, if
not definitive of, this one-way model is the period of high
compositional variance in wetland vegetation between successive
intervals of recurrence during the earliest late Pennsylvanian.
This implies a return of environments suitable for occupancy
by wetland plants, but a regional absence of the former
occupants. Thus, the system took perhaps as many as 300 000
to 1 million years and several orbital cycles of environmental/
climatic/sea-level fluctuations for the new, dominant vegetation
type to become emplaced.

Model (3) is very similar to model (2) in that it requires
crossing a threshold, likely of an environmental nature. The
major difference between these latter two models is the
presence in model (3) of different threshold points for the
transitions from state A to state B and the reverse. Why
consider this model? It is clear that in the late Pennsylvanian,
physical conditions conducive to the development of wetlands
returned periodically in a manner similar to that occurring
during the early and middle Pennsylvanian. In addition, these
conditions were sufficient to support vegetation composed of
plants similar in basic evolutionary affinity to those that
dominated later middle Pennsylvanian wetlands. Furthermore,
within the equatorial tropics, in far eastern Pangaea, there con-
tinued to exist wetlands populated by plants and vegetation
similar in many ways to that of the middle Pennsylvanian
(Hilton & Cleal, 2007) – thus, populations existed from
which restocking of the late Pennsylvanian wetlands could
have taken place.

It can be argued, in favor of model (3), that despite redevel-
opment in the late Pennsylvanian of conditions presumably
suitable for many middle Pennsylvanian-type wetland plants,
the dominant elements failed to return from potential source
areas. One possibility for this is the fragmentation of wetland
landscapes in the Variscan region of Europe (Oplustil & Cleal,
2007). The shrinkage of wetlands, the demise of paralic
swamp habitats, and the separation of wetlands into small,
isolated basins, would have presented a significant barrier to
the back migration of displaced middle Pennsylvanian floral
elements. Another potential explanation is incumbency of the
standing vegetation, which may be one of the underlying
reasons for different threshold points. Occupancy being 9/10
of the law, conditions would have to change sufficiently to
dramatically reduce the ability of the incumbent vegetation to
replace itself. In this instance, a significant increase in climatic
wetness and long-term flooding would have been required to
suppress tree-fern recruitment and favor the penetration of a
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diverse array of lycopsid trees from distant areas such as the
eastern equatorial regions. In a world of reduced ice volume,
the tropical belt would have witnessed a general reduction of
precipitation, and thus of long-lived wetland corridors, in all
parts of the long-term climate cycle. Under such generally
drier climates the lycopsid-rich vegetation may not have been
able to replace or displace the tree ferns.

The irreversible model (4) cannot be rejected as a potential
explanation. It is possible, given the scenario above, that the
shift to tree fern and pteridosperm dominated vegetation
could not have been displaced at all by vegetation similar to
that of the late middle Pennsylvanian. There is much we do
not understand about environmental or biologic dynamics in
the long term, due to the nature of the geologic record,
especially the lack of preservation of fossils outside of basinal
areas. Consider, for example, that the drier end of late
Pennsylvanian climate/sea-level cycles was considerably drier
than a similar point in the climate curve in late middle Penn-
sylvanian cycles, as evidence suggests. Under such conditions,
it may have been impossible for the lycopsid-rich vegetation,
tied strongly to wetlands, to survive in spatially diminished and
disconnected local refugia during the dry, inter-peat-formation
periods. Similarly, the opportunistic life histories of tree ferns,
with their massive spore production and attendant coloniza-
tion potential, may have made it impossible for plants with
larger, water-borne propagules, such as the giant lycopsid
trees, to recover as quickly when wetlands returned in
abundance. Irreversibility also could result mostly as a simple
matter of population sizes. Once tree ferns became established
in large numbers, and if relative proportions of major groups
stayed roughly constant during drier periods of population
shrinkage, each group would have recovered in approximately
the same proportions during the return of wet periods, from
one climate/sea-level cycle to the next (which fits certain
aspects of the neutral model of Hubbell [2001]). Without
another major environmental disruption of some type, this
system would have certain self-maintaining qualities.

In all of these models, but particularly model (3), we continue
to face the problem of where the wetland vegetation hides
when it is not dominant in the basinal lowlands. If it disassembles
into isolated refugia during the drier intervening intervals,
then a model in which the effects of incumbency are important
and in which there are one or more threshold points separating
different kinds of wetland vegetation from dominance gains
further appeal.

Case study 2: The Pennsylvanian–Permian transition

Vegetational patterns
Wetlands are abundantly represented in the basinal lowlands
of the Pennsylvanian – thus the moniker ‘coal age’, reflecting
the abundant deposits of peat that formed during that time.
However, over the same time period, the basinal lowlands or
their margins (depending on the extent to which the sea

extended onto the craton) were also home to vegetation of
an entirely different morphologic character and taxonomic
composition, plants typical of seasonally moisture-limited
climates. These two vegetation types (or more – there likely
was more than one kind of seasonal-climate vegetation)
occupied the basins at different times in the covariant ice/
sea-level/climate cycles that characterized the Pennsylvanian
and Early Permian (Fig. 7).

The type of seasonally dry vegetation that eventually came
to prominence in the basinal lowlands of the Permian – one
rich in conifers and other kinds of seed plants – appeared at
the margins of equatorial basinal lowlands as early as the middle
Pennsylvanian (Scott & Chaloner, 1983; Galtier et al., 1992;
Plotnick et al., 2008). Most of these early occurrences are
allochthonous macrofossils or pollen, and entirely conifers,
probably transported in from surrounding upland areas
(Lyons & Darrah, 1989; Zhou, 1994; Peppers, 1997). In rare
cases, the fossil material seems to have been captured in place
by unusual preservational circumstances (e.g. in sink holes on
a karst landscape at the basin margin – Plotnick et al., 2008).
In contrast, late Pennsylvanian, conifer-rich floras fully
occupied parts of the basinal lowlands and are preserved as
typical parautochthonous adpression assemblages (there are
many examples of these – see Broutin et al., 1990, and

Fig. 7 Space-time transitional dynamic relationship between three distinct
biomes – species pools in the late Paleozoic tropics. (A) Humid–perhumid
climate in the basinal lowlands. Wetland vegetation dominates, with occasional
preservation of allochthonous plant remains from the nearest extrabasinal
areas. (B) Transition from humid climate to seasonally dry climate in the basinal
lowlands. Extrabasinal elements move into the basin as recruitment begins to
decline for formerly dominant wetland elements. (C) Seasonally dry climate in
the basinal lowlands. Formerly remote vegetation now dominates lowlands,
with occasional preservation of allochthonous elements from yet another
vegetation type, attuned to yet more moisture-stressed conditions.
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DiMichele & Aronson, 1992; a few of the more well-characterized
deposits from western Pangaea, all of which are Missourian in
American terminology [early late Pennsylvanian], are the 7–11
flora of Ohio [McComas, 1988], the Garnett flora of Kansas
[Cridland & Morris, 1963], the Hamilton Quarry flora of
Kansas [Rothwell & Mapes, 1988], and the Kinney Quarry of
New Mexico [Mamay & Mapes, 1992]).

What kind of vegetation was this and how does it compare
and contrast with that of humid–perhumid conditions? The
tropical plants typical of seasonally dry climates might be
characterized broadly as a mixture of broadleaf evergreen,
broadleaf deciduous and needleleaf evergreen (in the terminology
of Woodward et al., 2004, for modern vegetation). Even the
needleaf trees, walchian conifers, bore plagiotropic lateral
branches (Hernandez-Castillo et al., 2001), which they
appear to have shed in much the same way that broadleaf
evergreen plants shed long-lived compound leaves. All of the
broadleaf taxa, callipterids, taeniopterids, comioids, gigantopterids,
and supaioids, appear to have been deciduous. However, it is
not certain that this deciduousness was seasonal, and in some
instances almost certainly was not (given thick woody tissue in
the petiole bases of the leaves of some taxa – e.g. Chaney et al.
2009). Many of these plants had compound leaves, but of sizes
considerably smaller and of heavier construction than the large
fronds of medullosan pteridosperms or marattialean tree ferns
that dominated most wetland vegetation. The conditions
under which this ‘new’ flora flourished certainly were not
extremely dry, although its elements probably exhibited a
range of drought tolerance and most were more tolerant than
the dominant plants of the equatorial lowland coal swamps.

There was little compositional overlap at the levels of species
or major clades between the wetland and seasonally dry floras.
The two floras are intercalated within the lowlands of the late
Pennsylvanian, occurring in different horizons from different
times, even on the fine scale of single outcrops, where they
may occur in separate beds (Kerp & Fichter, 1985; DiMichele
et al., 2005b). This long transitional interval ended in the
Early Permian when wetland vegetation greatly contracted,
and reappeared only during momentary expansions, perhaps
during brief pluvial periods (Montañez et al., 2007; Rhodes
et al., 2007). Aside from these brief pluvial intervals, the
seasonally dry vegetation dominated Permian basinal lowlands
throughout the Euramerican part of Pangaea (Kerp, 1996;
DiMichele et al., 2006b).

It is difficult to determine which of these vegetation types
was more common in the equatorial lowland basins over time.
This is especially true during the late Pennsylvanian, where
peats and typical wetland plant assemblages are well preserved
in fossil deposits, but the seasonally dry flora, though less
commonly found, is preserved in many deposits. Basinal
paleosols of the later Pennsylvanian indicate much drier
conditions than those of the middle Pennsylvanian, including
calcic Vertisols that may reside immediately beneath coal beds,
suggesting strong climatic oscillation. The floras that occupied

these paleosols, sometimes represented by deep, straight
roots, are suggested to be large trees, possibly cordaitalean or
coniferous seed plants (based on the rooting morphologies
and the composition of seasonally dry macrofloras from the
same time interval). Based on such lines of evidence, it seems
quite possible that seasonally dry vegetation could have
occupied basinal lowlands for longer periods of time than the
wetland vegetation of humid climate periods, especially during
the late Pennsylvanian.

In western-most Pangaea, the final disappearance of
widespread, humid, wetland vegetation appears to have
occurred very rapidly. In north-central Texas (Montañez
et al., 2007; Tabor et al., unpublished data) (Fig. 8) and in
New Mexico (DiMichele et al., 2004, 2007), there is a very
short interval of interdigitated or mixed floras that is followed
by (i.e. overlain by) complete dominance of the lowlands by
seasonally dry vegetation, a pattern that persists (based on
current stratigraphic understanding) through the Sakmarian.
Wetter elements begin to reappear in the early Artinskian, in
mixed to entirely distinct floras, possibly representing pluvial
intervals, within rocks that otherwise contain seasonally dry
plant assemblages. In a sense, this is the opposite of what was
seen in the late Pennsylvanian; in the early Artinskian, the
seasonally dry flora predominates in the fossil record, with
occasional, scattered occurrences of the wetter flora.

Timing of the transition
The Pennsylvanian–Permian boundary is poorly defined in a
string of terrestrial basins that stretch across equatorial Pangaea,
which has led to continued debates about correlation, the ages
of rocks, and the significance of various kinds of fossil data.
These include east-central New Mexico (Lucas et al., 2002),
north-central Texas (Hentz, 1988; Montañez et al., 2007),
the Dunkard basin of the Appalachians (Barlow, 1975; Wagner
& Lyons, 1997; Blake et al., 1999), and the Rotliegends of
Germany and Britain (Kerp & Fichter, 1985). Within each
basin there is an excellent lithostratigraphic framework and
high fidelity correlation. Thus, it is possible to link biologic
and physical patterns, such as proxies for climate variables, at
the basinal scale. The basic pattern of change is the same in all
of these basins. However, the timing of biotic, lithostratigraphic
and geochemical changes is not clearly correlated between
basins, and there are several reasons to believe that this will
remain refractory. Even though the climatic events or shifts
were likely to have been synchronous, these changes may have
been manifested differently, in terms of climatic effects, due to
regionally unique conditions (elevation, degree of continentality,
latitude, etc.). Consequently, vegetational responses would
have varied across the Pangaean equatorial region (Montañez
et al., 2008b; Tabor & Poulsen, 2008).

The major points are these: (1) The plants are facies
controlled, and the facies strongly reflect the climates under
which they accumulated. Thus, we can presume that the plants
were tied strongly to climate, as they are today. This limits
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their biostratigraphic utility mainly to within either the ‘wet’
or the ‘dry’ floral succession, and not between. Without ties to
other time-stratigraphic markers, such as radiometric dates or
marine indicator fossils, the plant fossils cannot be used
effectively to resolve the Pennsylvanian–Permian boundary.
(2) There are almost no marine beds that span the Pennsylvanian–
Permian boundary in any of these largely continental basins,
limiting the ability to correlate directly to standard marine
sections. Recent studies all converge on an earliest Permian
initiation of the final phase of widespread glaciation (Isbell
et al., 2003; Fielding et al., 2008a) and, consequently, global
sea-level may have been quite low, limiting the penetration of
open marine waters, and faunas, into these areas, though there
is evidence for a short-lived transgression between glaciations
at the very end of the Carboniferous (González, 1990; López
Gamundí et al., 1992; Scheffler et al., 2006, V. Davydov, pers.
comm., 2007). (3) There appears to have been a differential
distribution of moisture across the accreting Pangaean
supercontinent, a consequence of atmospheric circulation
patterns (Tabor & Montañez, 2002; Peyser & Poulsen, 2008;
Soreghan et al., 2008; Tabor & Poulsen, 2008). In particular,
eastern equatorial Pangaea, which was dominated by easterly
winds (i.e. the Trades) from Tethys, may have been less
susceptible to climatic variability than western equatorial
Pangaea depending on the level of development of monsoonal
circulation at this time (Tabor & Poulsen, 2008). Consequently,
moisture was more abundant, on average, in the eastern
regions, declining to the west and raising the possibility that
the humid-to-seasonal climate transition may have been time
transgressive (never happening at all in China).

Nonetheless, the presence of generally lowered sea-level,
patterns in various isotopes from paleosols and plant organic
matter, and correlations to the extent possible with nearby, off
shelf marine sections indicate that the events discussed here
happened ‘around’ the boundary and almost certainly go
through it. Much more importantly for this paper, the changes
in vegetation and environmental markers are well correlated
within the basins studied.

Physical environmental controls
The differences in the patterns of occurrence of seasonally dry
vegetation in the middle and late Pennsylvanian suggest
significant differences in the dynamic environmental patterns
during these times. Oscillations between humid and seasonal
vegetation continue throughout the Pennsylvanian in the
equatorial regions and reflect climate fluctuations (e.g. Cecil,
1990; Heckel, 2008). This is substantiated by modern and
Pleistocene patterns indicating strong ties between vegetation
and climate (cited above . . . recalling the comment of Köppen
that vegetation is ‘crystallized, visible climate’). Furthermore,
the continued occurrence of peat/coal deposits indicates the
periodic return of humid climates in the earliest Permian
throughout the central Pangaean equatorial tropics. However,
the spatial and temporal distribution of conditions suitable forFi
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peat formation varies, being generally less in the first half of the
late Pennsylvanian and becoming greater in the second half
(e.g. the massive, latest Pennsylvanian age Pittsburgh coal bed
of the central Appalachians, Repine et al., 1993). Thus, the
wetter parts of cycles may have been getting wetter, or lasting
longer, through the late Pennsylvanian due to some
combination of climatic amelioration and the return to glacial
conditions in the latest Pennsylvanian (Isbell et al., 2003;
Fielding et al., 2008a; Montañez et al., 2008a).

The volume of grounded ice in the Southern Hemisphere
may have been significantly reduced in the early part of the late
Pennsylvanian (Fielding et al., 2008a; J. Isbell, pers. comm.
2008). Thus, glacial drivers of sea-level and climate change
likely were significantly reduced at this time, as recently
suggested (Bishop et al., in review), raising the question of
what was driving cyclic patterns of sedimentation. During the
early Pennsylvanian and through most of the middle Pennsyl-
vanian, these climate oscillations were driven mainly by
glacial–interglacial cyclicity. Short-term sea-level fluctuations
are not necessarily driven exclusively by the dynamics of ice
sheets or continental glaciers, however. Sea-level fluctuations
of 5 to 10+ m may occur on the 105- to 106-year scale in
response to filling and draining of continental reservoirs
(Jacobs & Sahagian, 1995). The progressive accretion of
Pangaea also could have had an effect on global sea-level –
albeit at much longer timescales ("106 year) through thermal
buoyancy and associated tectonic isostacy, which would have
been accompanied by withdrawal of inland seas from large
parts of the craton, factors independent of ice volume. The
timescales on which such tectonic processes operate, however,
are much longer than those of orbitally driven glacioeustacy,
thus rendering them (tectonic processes) unlikely candidates
for driving short-term stratigraphic stacking and inferred
periodicity.

Short-term climate oscillations are superimposed on a
longer term trend of drying in equatorial Pangaea during the
later Pennsylvanian and Early Permian (Cecil et al., 1985;
Montañez et al., 2007). This trend led to the dominance of
the seasonally dry floras that predominate in most of western
and central Pangaea until the end of the Permian (Schweitzer,
1986). This drying may have been driven by a combination of
long-term changes in atmospheric CO2 and changes in polar
ice volume (Peyser & Poulsen, 2008). These underlying
drivers affect the strength of the Hadley circulation cells near
the equator, with strongest effects in the southern hemisphere.
Proximate effects on wind patterns (Tabor & Montañez,
2002; Soreghan et al., 2008) control the distribution of
moisture in the western parts of the Pangaea, where this
vegetational shift is most pronounced and happens most
abruptly (Tabor et al., unpublished data).

Working hypotheses
The oscillation between vegetation typical of humid and
seasonally dry conditions can be evaluated in terms of the same

models applied to case study 1. In case study 2, however, the
vegetation types represent different biomes growing under
very different kinds of prevailing climate. The four models are
(1) a gradual change from wetland to seasonally dry vegetation,
(2) a threshold response from wetland to seasonally dry
vegetation, (3) a threshold response with hysteresis, implying
that there are climatic conditions under which either vegetation
type could exist, and (4) an irreversible threshold response
from one state to the other. There is no reason to consider an
irreversible threshold model (model 4) because these two
vegetation types clearly demonstrate repeated spatial replacement
over a long time interval. In fact, the Pennsylvanian–Permian
transition is simply one instance of the oscillatory replacement
of wetland by seasonally dry vegetation, or vice versa, perhaps
the most exemplary and clearly developed, but still one of
many in the late Pennsylvanian through Middle Permian.

Unlike the intrabiomic vegetational restructuring that occurred
at the middle–late Pennsylvanian boundary, the wet–dry
vegetational transition involves a spatial change of plant
species on the landscape, much like that documented following
Pleistocene deglaciation in the north temperate zone. Thus, at
some scale of space and time, model (1) is possible, as plant
range zones change. Some compositional overlap between
these two vegetation types has been documented during
transitions from one type to the other near the boundary
(Tabor et al., unpublished data), and in several, short-term
examples of oscillations between these two vegetation types
later, in the Artinskian/Early Permian of north-central Texas
(Rhodes et al., 2007). In light of the fact that individual plants
cannot ‘pickup and move’ like vagile animals, spatial changes
in vegetation driven by climatic change involve propagule
dispersal, the differential establishment and growth to
maturity of juveniles (recruitment), and the differential death
of adult plants. These are the factors that affect changing
distributions at the most fundamental level – on the ground,
so to speak. In such instances there nearly always will be an
overlap between some remnant of the prior vegetation and the
incoming elements of the new. This was described for pluvial
intervals during the Pleistocene of the American Southwest as
‘vegetational inertia’ (Cole, 1985). In this scenario, as climate
changes, plants of the indigenous vegetation at a local site
undergo progressively declining recruitment while, at the
same time, new species, more suited to changed climatic
conditions, move in around them. Depending on the life spans
of the prior occupants, there will be a variable period of
overlap of the two vegetation types. In such a scenario,
physical climate change is a strong independent driver, with
the vegetation mainly responding to climate changes.

Indeed, in a transitional pattern of this kind, the two forms
of vegetation really are little more than ships passing in the
night. Whereas there may be overlap for some period of time
during the change from one climatic end point to the other,
such overlap will generally be brief and transitory, forming
what might be considered a non-analogue vegetation relative
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to the most commonly represented states (Overpeck et al.,
1992; Williams & Jackson, 2007). The vast majority of known
examples of these kinds of vegetation indicate strong differen-
tiation between them. Through millions of years, at each
reappearance in the fossil record during the Permian, the
Euramerican tropical wetland flora becomes ever more
depauperate in terms of species richness. And when it appears,
it is mainly represented by weedy opportunistic species, such
as tree ferns (DiMichele et al., 2007).

Models (2) and (3) involve a threshold-like state change
from wetland to seasonally dry vegetation. There certainly
seems to be some sort of threshold involved in this transition,
indicated by the very limited compositional overlap between
the two types of floras and their dominance under different
kinds of physical conditions, according to proxy climate indicators.
These two discrete floras constitute different biomes, with
considerably different vegetational structure and phenology,
and probably stature and degree of canopy openness. Most
biome boundaries in the modern world are defined by
ecotones of varying width, in which there can be some overlap
in composition. However, due to the fairly sharp climatic
breaks created by atmospheric dynamics (Ziegler et al., 2003),
vegetation also will tend to reflect those physical patterns. A
threshold-like response does not preclude some limited overlap
as described above.

If model (2) is applied, invoking a simple reversible threshold
response, there does appear to be a climatic breakpoint,
probably related to moisture availability and its seasonal
distribution. Wetland, broadleaf evergreen vegetation exists
on one side of this threshold, seasonally dry evergreen
needleleaf and evergreen broadleaf to broadleaf deciduous
vegetation on the other. It appears to have been possible,
based mainly on the patterns of oscillation between these
vegetation types during the Pennsylvanian, to reverse local and
regional dominance.

Model (3) involves a threshold response with hysteresis, in
which the climatic conditions under which a change from one
state to the other lie at different points in the continuum of
moisture availability and temperature depending on whether
the transition involves wet-to-dry or dry-to-wet. In such a
case, there would be a range of physical conditions under
which either vegetation type could exist locally, though not
together in the same landscape mosaic. Modern examples of
this kind of dynamic, especially involving switching between
biomes, are most likely in environments with extreme climates,
such as a desert (e.g. Foley et al., 2003) or in snow-covered
sub-polar regions (Chapin et al., 2005; Foley, 2005). Multiple
stable states have been argued to exist on a smaller scale of
structural difference between end members in a variety of
settings including temperate grasslands (Baker & Walford, 1995;
Seabloom & Richards, 2003), marshes (Dong et al., 2002), and
a variety of marine environments (Knowlton, 2004; Petraitis &
Dudgeon, 2004, 2005; Petraitis & Methratta, 2006), including
reefs (Knowlton, 1992; Aronson et al., 2004). We cannot rule

out this type of response. However, the occasional overlap of
elements of wetland and seasonally dry vegetation suggests
that if there were a range of conditions compatible to both, it
was narrow and frequently involved some sort of floristic
overlap, a pattern more consistent with the simple threshold
type (2) model.

In any of these scenarios, the potential for positive feedbacks
in this system is considerable, though the effects will be
manifested locally, likely accelerating vegetational change put
in motion by broader climatic effects. The gradual fragmentation
of evergreen broadleaf vegetation will reduce latent heat
effects and thus moisture transfer to the atmosphere, reducing
rainfall. The percentage of insolation reaching the ground also
will increase. Such changes should increase the extent of
heating of the soil surface, and increase sensible heating of the
atmosphere, resulting directly in surface drying, and indirectly
by reducing the effects vegetation will have on rainfall
enhancement. All such effects will facilitate the change of local
vegetation to one characterized by broadleaf deciduous and
needleleaf evergreen architectures and phenologies.

Looking specifically at the Pennsylvanian–Permian transition,
the data suggest that the biologic changes are ‘driven’ by the
physical changes with which they can be correlated (e.g.
Montañez et al., 2007). The plant response most likely reflects
changes in regional temperature and in rainfall abundance and
distribution, changes likely radiatively forced by large
fluctuations in atmospheric pCO2. The initial trigger to the
vegetational change was likely extrinsically driven by changes
in physical conditions. Once these changes were set in motion,
once a positive inertia was established, changes in the vegetation,
such as canopy openness, relative amount of evapotranspiration,
and so forth, may, in turn, have impacted many components
of the physical system leading to positive feedbacks on drying
and warming.

Taken to its logical extreme, we suggest that the climate–
plant relationship we document in case study 2 may have
occurred to some degree during each transition from wetter to
more seasonally dry periods throughout the middle and late
Pennsylvanian and Early Permian in response to climate/
sea-level cycles. Thus, the Permo-Carboniferous transition is
but one, particularly dramatic example of this dynamic. On top
of this, the climatic mean may have been shifting progressively to
drier during this time, particularly in the Euramerican portion
of the equatorial region. These dynamics may have ended in
Middle Permian time when the overall increase in tropical
aridity throughout central and western Pangaea brought
about the demise of many of the vegetation types involved in
these transitions.

DISCUSSION

We have focused on framing, in terms of models developed on
the basis of modern systems, vegetational change during times
of major climate change in the deep past. This has been done
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with an acute awareness of the distinct differences between the
late Paleozoic and the present. For example: (a) The existence
of the Pangaean supercontinent and (b) the unique climatic
consequences thereof. (c) The enormous areas of low lying
continental surfaces leading to the development of vast,
shallow seas. (d) Vegetation different in taxonomic composition
and, to some degree, structure from that of today. Even so,
there also are important similarities between the late Paleozoic
and the modern world, the most significant of which is a
shared cold-earth (icehouse) climate, with the attendant
cycles of glacial waxing and waning of different magnitudes
(considered in both case study 1 and 2, though from different
perspectives). The Paleozoic also offers several examples of
complete transitions from ice-dominated periods of
glacial–interglacial cyclicity to possibly ice-free times of global
warming, one of which we examined here (case study 1), and
times of the rapid and extensive onset of ice from extended
times of warm conditions (case study 2). Thus, the glacial
earth of the Paleozoic offers an excellent, and in fact unique,
point of comparison to the modern world.

The times of vegetational change discussed here were
identified completely independently of changes in the physical
environmental proxies with which they correlate closely,
including indications of changing atmospheric CO2, sea-level
fluctuation and extent, and climatic data inferred from
morphologic and chemical analysis of paleosols, coal quality
data, and data on coal resource abundance. Linkage of patterns
of change in climate proxy and biologic data to climate models
has further tied all these together into a large-scale framework.
In this study we have not attempted to use climate models
experimentally to force certain kinds of vegetational changes
and thus assess their likelihood or even their possibility, but
such models nonetheless closely underpin our understanding
and interpretation of the physical changes and the potential for
vegetation–climate feedbacks.

The explicit ecologic models considered here emerged from
conceptual and experimental studies of alternative stable states
in natural ecosystems (Lewontin, 1969; Sutherland, 1974)
and have recently received growing attention and application.
They are general enough in scope and construction to have
been applied to many kinds of ecosystems, terrestrial and
marine, composed of many different kinds of organisms and
ranges of interactions. At this time, at least, we believe they are
encompassing enough to use as the explanatory universe,
though we are cognizant of the best-of-field possibility. We
have not included, for example, the potential role of natural
selection; considerable evolutionary opportunity could have
accompanied the release of resources associated with environment
disruptions and extinction (such as that at the middle–late
Pennsylvanian transition). We will address this below.

The models for vegetational response to changing envi-
ronmental conditions offer a comparative framework against
which empirical data can be evaluated. Several outcomes are
possible, recognizing that the fossil record has many limitations

that must be considered. For example, much information
about vegetational dynamics on the landscape scale is hidden
from us in the terrestrial fossil record. Consider the persistence
of a middle Pennsylvanian-type flora in China into the Permian,
or the repeated ‘disappearance’ and ‘reappearance’ of the wetland
vegetation in the basinal lowlands as sea-level and climate
fluctuated (where did it go?), or the initially spotty occurrence
of seasonally dry vegetation in basinal lowlands between
peat-forming periods, telling us it was ‘out there’ somewhere
beyond our sampling window (a pattern we see elsewhere in
the record when vegetation types adapted to yet drier conditions
make their incursions into basinal lowlands in the Early
Permian). All of these patterns point to a fossil record that will
not produce an understandable historical story simply from an
empiric reading of the data in stratigraphic order. Rather, the
data make sense only when placed within conceptual explanatory
frameworks or models. In the best of situations, the data
would prove sufficient in both spatial and temporal density/
coverage and quality to permit comparison against the models
and clear selection of a best fit. Alternatively, and much more
likely, there will be temporal gaps in the fossil record that limit
aspects of comparison and permit the possibility of more than
one explanatory model, as was found here in each case study.
Even so, there often are grounds for preferring one possible
model over another, and grounds for outright rejection of
others, which we also have done.

Table 1 presents a comparison of the two case studies. Some
of the physical drivers appear to be similar in each case and
show similar spatio-temporal trends. In each instance, changes
in vegetation are associated with major drying and warming
trends. Differences between the proxy records in each case
study reflect the incomplete nature of the analyses at this time,
such that pCO2 has been inferred from paleosols in case study
1, whereas for case study 2 terrestrial temperatures have been
inferred but only indirect estimates of pCO2. pCO2 estimates
based on latest Pennsylvanian pedogenic carbonates from
Utah and Arizona suggest that CO2 was higher then (~1000
ppmv or so ±300 ppmv) than in the earliest Permian when
pCO2 falls to present-day levels (Montañez et al., 2007), a
trend that has been suggested by Saltzman (2003) based on
marine calcite !13C values. So, in case study 2, we can infer that
changes in pCO2 were taking place, but their scale and even
their direction are uncertain at this time. Unpublished marine
microfossil data (V. Davydov, pers. comm., 2007) also suggest
a significant global warming of the oceans in the very latest
Pennsylvanian, possibly reflecting a short-lived interval of
global sea-level rise and likely warmer conditions worldwide
(González, 1990; López Gamundí et al., 1992; Scheffler
et al., 2006). Thus, the existing data suggest many similarities
in atmospheric and environmental conditions during each of
the time intervals evaluated and that these climate–vegetation
relationships repeated themselves over and over again
throughout the Permo-Carboniferous. The difference is the
scale of the biologic system under examination. In case study
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1, the changes documented lie within a single vegetation type
or biome, and involve disruption, disassembly and reassembly
patterns within a single species pool. Case study 2 documents
a change in spatial coverage of two distinct biomes that
flourished under different climatic conditions.

Time gaps and ecological turnover

Perhaps the most problematic aspect of evaluating process-based
hypotheses against fossil data is the intermittent temporal nature
of the fossil record and, thus, the intercalated time gaps. During
such gaps, it is difficult or impossible to determine what was
happening to the organisms or the ecological systems they
comprised. In the examples considered here, this problem is
most serious for case study 1, the middle–late Pennsylvanian
transition where a single environmental type is the focus.

By restricting analysis to a single physical environment
(wetland mires and swamps in case study 1), we are able to
hold constant (or as constant as one can with natural systems)
a wide range of variables, including many aspects of fossil pres-
ervation (what Behrensmeyer et al. (2000) call isotaphonomy,
controlling for the similarity of deposition and preservational
biases). However, for case study 1, we know very little about
what happened to the vegetation and its species components
from one appearance in the record to the next. There are many
indications that the climates prevailing between times of
coal-roof shale couplet deposition were seasonal to semi-arid,
given evidence of rock types and paleosols (Cecil, 1990; Cecil
et al., 2003). The presence of deeply weathered paleosols
through the middle–late Pennsylvanian transition in the
Appalachian Basin was one of the reasons Wagner & Lyons
(1997) suggested significant missing time there, an assertion

that has been addressed, and not substantiated, by a number
of different authors looking at both terrestrial and marine
rocks (Peppers, 1997; Blake et al., 1999; Heckel, 2008).

If examined on a regional scale, even as broad as Euramerica,
it might be argued that the middle–late Pennsylvanian
transition does not represent alternative possibilities for
vegetational organization, but rather two distinct vegetation
types separated by an extinction event. Expanding the spatial
scale, however, reveals that middle-Pennsylvanian-type vegetation,
rich in lycopsids, continued to exist in the microcontinental
areas of eastern Tethys but did not manage to re-establish in
central and western Pangaea after conditions suitable for its
occupation returned. We propose two factors that may have
contributed to the spatially separate co-existence of these two
species pools. First geographic barriers may have blocked
species exchanges between central and eastern Pangaea. These
barriers include the fragmentation of wetlands and elevational
changes in Europe, brought on by the Varisan orogeny (Cleal
& Thomas, 2005; Oplustil & Cleal, 2007), as well as the
general isolation by Tethyan seaways of the Chinese microcon-
tinents on which the middle-Pennsylvanian-type wetland
floras survived (Hilton & Cleal, 2007). Secondly, the younger,
tree-fern-dominated species pool may have evolved as a
consequence of environmental disruption, but ultimately it
was through recruitment, establishment, and successful
occupation of resource space that it kept the earlier dominant
elements from returning in a show of what is known as
incumbent advantage. That the tree-fern-dominated floras did
not invade the eastern Pangaean wetlands also may reflect
these same phenomena. To have a multiple stable state system,
both species pools need to be able to exist under the same
environmental conditions in the same region so that species

Table 1 Comparison of vegetation, potential drivers of change, and the biotic responses in case studies 1 and 2

Case study 1: Middle–Late Pennsylvanian transition Case study 2: Pennsylvanian–Permian transition

Vegetational scale Intrabiome Interbiome
Vegetation type Entirely broadleaf evergreen Broadleaf evergreen-to-mixed needleleaf evergreen/

broadleaf deciduous/broadleaf evergreen
Vegetational 
responses

1. Threshold change with hysteresis – Model (3) (possible to most probable) 1. Threshold change without hysteresis – Model (2) 
(possible to most probable)2. Threshold change without hysteresis – Model (2) (possible)

3. Irreversible threshold change with hysteresis – Model (4) (possible) 2. Gradual change – Model (1) (possible)
3. Threshold change with hysteresis – Model (3) 
(possible, not likely)

4. Gradual change – Model (1) (not likely)

4. Irreversible threshold change with hysteresis – Model (4) 
(not likely)

Climate proxies 
and physical factors

– Increasing CO2 – Precipitation decrease in tropics
– Climate spectrum shifts to drier throughout Euramerica and likely 
southern Gondwana

– Development of E-to-W patterns of continental aridity
Increased continentality

– Diminishment or loss of southern hemisphere continental ice
– Rise of central European mountain ranges

Vegetation–climate 
feedbacks

– Tree ferns rise gradually in abundance within wetlands during late middle 
Pennsylvanian due to ability to reproduce under conditions of reduced 
moisture

– Positive feedbacks develop as vegetation becomes sparser,
resulting in acceleration of increased atmospheric heating 
and reduced rainfall

– Local wetland vegetation climate feedbacks only throughout interval 
because of intrinsically high rainfall during peat-forming intervals
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dispersal events can occur (even if establishment is not
successful) (e.g. Shurin et al., 2004; Urban et al., 2008).
Thus, through the examination of spatial patterns, it may be
possible to understand more effectively the signals of ecologic
and evolutionary change preserved in gappy temporal patterns.

Evolutionary considerations

There is an evolutionary component to each of these biologic
turnover events, something that may be easier to examine
empirically in the fossil record than in modern ecosystems.
Recognizing that the fossil record is not without significant
biases, it nonetheless can be used judiciously, by examination
of the data in the context of multiple working hypotheses that
recognize as many of the flaws as we can think of! We will not
develop these models extensively in this paper, but they should
be noted because, ultimately, they may expand the realm of
possible ecological explanations that should be considered for
evaluating vegetation–climate feedbacks and responses.

During the middle–late Pennsylvanian transition there
appears to have been a temporally abrupt biologic change
within one major kind of environment, abrupt even by
geologic record standards (e.g. the record documented by
Peppers, 1997). Up to two-thirds of the species reported from
latest middle Pennsylvanian peat-forming environments do
not reappear in the earliest late Pennsylvanian (DiMichele &
Phillips, 1996) (Fig. 3). Ultimately, tree ferns gain ascendancy
in late Pennsylvanian wetlands, but not before a period of what
can be described as vegetational heterogeneity that lasted for
several hundred thousand years and involved several climate/
sea-level cycles. Understood almost exclusively through
palynology, this heterogeneity was both spatial (Kosanke &
Cecil, 1996; Peppers, 1996; Dimitrova & Cleal, 2007) and
temporal (Peppers, 1985) within peat-forming swamps and
mires of the earliest late Pennsylvanian. Several successive earliest
late Pennsylvanian coals show highly variable composition and
dominance–diversity patterns: small isoetoid lycopsids, calamitean
sphenopsids, sigillarian lycopsids, and various tree ferns,
dominate large parts of these wetlands, with tree ferns finally
emerging ascendant (Phillips et al., 1974; Peppers, 1985).
This clearly was a time when long-standing patterns of
dominance and diversity were swept away rapidly and
resources of space and nutrients were opened up for new
species. A new kind of vegetation emerged, even though
systems retaining a middle Pennsylvanian aspect continued to
exist in far eastern Pangaea (Cleal & Wang, 2002; Pfefferkorn
& Wang, 2007; Hilton & Cleal, 2007).

The persistence of the prior system for several million years
in the middle Pennsylvanian, and the subsequent persistence
of the late Pennsylvanian replacement flora for several millions
more, both through regular cyclothemic sea-level/climate
oscillations, raise the question of incumbent advantage – Why
certain taxa remain dominant from one coal to the next
despite the environmental changes between consecutive coal

beds? How is this played out environmentally and evolution-
arily? One possible scenario is this, applicable to case study 1,
in which climate change and evolution of innovation are
integrally linked. This scenario presumes the survival of the
wetland vegetation in regional refugia, within or proximate to
basinal lowlands during periods of seasonal dryness between
times of widespread peat formation. (a) A particular kind of
vegetation (the wetland vegetation in this case) gets established
within a climate–resource space. (b) Climate fluctuates such
that the area covered by this vegetation also fluctuates. (c) The
vegetation persists during the least favorable climate periods in
approximately the same species abundance proportions,
though with greatly reduced overall numbers, as during the
favorable periods, as long as climate stays within some window
of tolerance and refugia of some adequate size exist. (d) The
reappearance of favorable conditions is accompanied by a
species-wise proportional expansion of the plant populations,
maintaining the basic vegetation from one cycle of most
favorable climate to the next. (e) If climate changes more than
some-to-many of the species of this vegetation can tolerate, by
greatly reducing the area and/or number of refugia, major
changes in proportion occur by a variety of means, including
simply stochastically. A high degree of fragmentation into
small refugia, potentially creates happenstance opportunities
for the reshuffling of dominance patterns, including survival
and rise to proportional dominance of newly evolved forms.

Late Pennsylvanian fern-dominated wetland landscapes
offer yet another twist on this model. Given the increased
strength of seasonal dryness between times of widespread
wetland development during the late Pennsylvanian, tree-
fern-dominated vegetation may indeed have been subject to
greater fragmentation and spatial displacement than was
typical during cyclic climate/sea level changes in the middle
Pennsylvanian. In this scenario, such repeated fragmentation
may underlie the considerable tree-fern species heterogeneity
that has been documented spatially and temporally. Basic
weedy habit, high dispersibility and inferred rapid growth rates
(based on ‘cheap’ construction, low carbon allocation to stems
and roots per unit volume) of these plants, may have made
recolonization of wetlands with each cycle of renewal much
more of a lottery or land rush than in the middle Pennsylvanian,
where many of the dominant trees appear to have been more
closely tied to water ways for dispersal and to have dispersed
and grown more slowly.

The evolutionary component of case study 2 is entirely
different in character. The seasonally dry vegetation was ‘out
there’ but poorly represented in the fossil record for millions
of years prior to its regular appearance in typical adpression
floras. This strongly suggests that evolution was going on
apace in areas that the record did not sample adequately.
Preservation of this vegetation required fortuitous special
circumstances (given that it was mostly represented by
paleosols and coarse sandstones deposited under high-energy
and high-sediment yield conditions, i.e. river avulsion, braided
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stream deposits laid down under flashy flood conditions) at
times when the basinal lowlands were seasonally dry. Or,
evidence of it could come from proximity of well-drained
uplands to humid basinal lowlands, such that bits and pieces
of the hinterland elements could be transported into the
wetland basins (such as in most middle Pennsylvanian exam-
ples of this flora). Furthermore, there is increasing evidence
that the plants of the ever more environmentally stressful
extrabasinal areas may also be more phylogenetically derived,
suggesting that low occupancy/low incumbency habitats may
have permitted the survival of divergent evolutionary novelties
(DiMichele & Aronson, 1992; Kerp, 1996; Rothwell &
Mapes, 2001; Looy, 2007). Ultimately, strong and long-
persistent climate changes in the equatorial lowlands brought
this vegetation type down into these basins where it replaced
the prior wetland occupants. If dry basinal conditions lasted
long enough to extinguish most of the prior wetland taxa, as
seems to have happened in the early Permian of Euramerica,
new wetland species ultimately evolved in place, in the lowland
basins, from elements of these seasonally dry floras. This,
again, involves the survival of evolutionary innovation in areas
of low resource utilization/expropriation, either though
evolution in areas that were not yet exploited or were
underexploited by vascular plants (in increasingly high stress
settings) or through the exploitation of resources made available
by physical extirpation of the prior occupants (in some cases,
space being the equivalent of resources).

Essentially both case studies demonstrate the same underlying
principle: evolution of novel forms is not driven by the ever
watchful eye of natural selection, but by the happenstance
intersection of the blind generation of variation and the
opportunity to survive in areas with little or no resource com-
petition – created by climate-driven extinctions such as those
discussed for case study 1, or by the movement of plants into
ever more peripheral areas of the earth, which underlies the
origin of the seasonally dry vegetation discussed in case study
2. Such areas may be vast unoccupied physical spaces or they
may be resource pools created by ecosystem engineering when
organisms evolve traits that permit them to exploit or even to
create new resources (Erwin, 2008). In the end, many of these
novelties are called (by the processes underlying the generation
of variation) but few are chosen (because they usually confront
unsuitable physical conditions or incumbents) . . . which is
why we ought not to ask why there are so many forms of life,
but why there are so few.

REFERENCES

Andrews HN, Murdy WH (1958) Lepidophloios and ontogeny in 
arborescent lycopods. American Journal of Botany 45, 552–560.

Arkley RJ (1963) Calculation of carbonate and water movement in 
soil from climate data. Soil Science 96, 239–248.

Aronson RB, Macintyre IG, Wapnick CM, O’Neill MW (2004) Phase 
shifts, alternative states, and the unprecedented convergence of 
two reef systems. Ecology 85, 1876–1891.

Baker R, DiMichele WA (1997) Resource allocation in Late 
Pennsylvanian coal-swamp plants. Palaios 12, 127–132.

Baker WL, Walford GM (1995) Multiple stable states and models 
of riparian vegetation succession on the Animas River, Colorado. 
Annals of the Association of American Geographers 85, 
320–338.

Barlow JA, ed. (1975) The Age of the Dunkard. Proceedings of the First 
I.C. White Memorial Symposium, September 25–29, 1972. West 
Virginia Geologic and Economic Survey, Morgantown, West 
Virginia.

Bateman RM, DiMichele WA, Willard DA (1992) Experimental 
cladistic analysis of anatomically preserved arborescent lycopsids 
from the Carboniferous of Euramerica: an essay on paleobotanical 
phylogenetics. Annals of the Missouri Botanical Garden 79, 
500–599.

Beerling DJ, Woodward FI (2001) Vegetation and the Terrestrial 
Carbon Cycle. Modelling the First 400 Million Years. Cambridge 
University Press, Cambridge, UK.

Behrensmeyer AK, Kidwell SM, Gastaldo RA (2000) Taphonomy and 
paleobiology. Paleobiology 26 (Suppl.), 103–144.

Bishop JW, Montañez IP, Osleger DA (in review) Dynamic 
Carboniferous climate change, Arrow Canyon, Nevada.

Blake BM Jr, Cross AT, Eble CF, Gillespie WH, Pfefferkorn HW 
(1999) Selected plant megafossils from the Carboniferous of the 
Appalachian Region, Eastern United States: Geographic and 
stratigraphic distribution. In Carboniferous and Permian of the 
World (eds Hillis LV, Henderson CM, Bamber EW). Canadian 
Society of Petroleum Geologists Memoir 19, 259–335.

Bonan GB (2008) Forests and climate change: forcings, feedbacks, 
and the climate benefits of forests. Science 320, 1444–1449.

Bonan GB, Levis S, Kergoat L, Oleson KW (2002) Landscapes as 
patches of plant functional types: an integrating concept for climate 
and ecosystem models. Global Biogeochemical Cycles 16, 1021. doi: 
10.1029/2000GB001360.

Bonan GB, Levis S, Sitch S, Vertenstein M, Oleson KW (2003) A 
dynamic global model for use with climate models: concepts and 
description of simulated vegetation dynamics. Global Change 
Biology 9, 1543–1566.

Broutin J, Doubinger J, Farjanel G, Freytet P, Kerp H, Langiaux J, 
Lebreton ML, Sebban S, Satta S (1990) Le renouvellement des 
flores au passage Carbonifére-Permian: approche stratigraphique, 
biologique, sédimentologique. Comptes rendus de l’Académie des 
sciences, Paris II 311, 1563–1569.

Brovkin V (2002) Climate–vegetation interaction. In CF Boutron 
(ed.), ERCA (European Research Course on Atmospheres). EDP 
Sciences 5, 57–72.

Bush MB, Gosling WD, Colinvaux PA (2007) Climate change in the 
lowlands of the Amazon Basin. In Tropical Rainforest Responses to 
Climate Change (eds Bush MB, Flenley JR). Springer, New York, 
pp. 55–76.

Cecil CB (1990) Paleoclimate controls on stratigraphic repetition of 
chemical and siliciclastic rocks. Geology 18, 533–536.

Cecil CB, Dulong FT (2003) Precipitation models for sediment 
supply in warm climates. In Climate Controls on Stratigraphy 
(eds Cecil CB, Edgar TN). SEPM Special Publication, 77, 
21–27. 

Cecil CB, Stanton RW, Neuzil SG, Dulong FT, Ruppert LF, Pierce 
BS (1985) Paleoclimate controls on late Paleozoic sedimentation 
and peat formation in the central Appalachian Basin (U.S.A.). 
International Journal of Coal Geology 5, 195–230.

Cecil CB, Dulong FT, West RR, Stamm R, Wardlaw B, Edgar NT 
(2003) Climate controls on the stratigraphy of a Middle 
Pennsylvanian cyclothem in North America. In Climate Controls on 
Stratigraphy (eds Cecil CB, Edgar TN). SEPM Special Publication 
77, 151–182.



222  W. A. DIMICHELE et al.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Chaney DS, Mamay SH, DiMichele WA, Kerp H (2009) Auritifolia 
gen. nov., probable seed-plant foliage with comioid affinities from 
the Early Permian of Texas, U.S.A. International Journal of Plant 
Sciences 170, 247–266.

Chapin FS III, Sturm M, Serreze MC, McFadden JP, Key JR, 
Lloyd AH, McGuire AD, Rupp TS, Lynch AH, Schimel JP, 
Beringer J, Chapman WL, Epstein HE, Euskirchen ES, 
Hinzman LD, Jia G, Ping C-L, Tape KD, Thompson CDC, 
Walker DA, Welker JM (2005) Role of land-surface changes in 
Arctic summer warming. Science 310, 657–660.

Claussen MC (1998) On multiple solutions of the 
atmosphere-vegetation system in present-day climate. 
Global Change Biology 4, 549–599.

Cleal CJ (2007) The Westphalian-Stephanian macrofloral record from 
the South Wales Coalfield, UK. Geological Magazine 144, 
465–486.

Cleal CJ, Thomas BA (2005) Palaeozoic tropical rainforests and their 
effect on global climates: Is the past the key to the present? 
Geobiology 3, 13–31.

Cleal CJ, Wang ZQ (2002) A new and diverse plant fossil 
assemblage from the upper Westphalian Benxi Formation, Shanxi, 
China, and its palaeofloristic significance. Geological Magazine 139, 
107–130.

Cole K (1985) Past rates of change, species richness, and a model of 
vegetational inertia in the Grand Canyon, Arizona. The American 
Naturalist 125, 289–303.

Condit DD (1909) The Conemaugh Formation in southern Ohio. 
The Ohio Naturalist 9, 482–488.

Cramer W, Bondeau A, Woodward FI, Prentice IC, Betts RA, 
Brovkin V, Cox PM, Fisher V, Foley J, Friend AD, Kucharik C, 
Lomas MR, Ramankutty N, Sitch S, Smith B, White A, 
Young-Molling C (2001) Global response of terrestrial ecosystem 
structure and function to CO2 and climate change: results from 
six dynamic global vegetation models. Global Change Biology 7, 
357–373.

Cridland AA, Morris JE (1963) Taeniopteris, Walchia, and 
Dichophyllum in the Pennsylvanian System in Kansas. University of 
Kansas Science Bulletin 44, 71–85.

DeFries RS, Houghton RA, Hansen MC, Field CB, Skole D, 
Townshend J (2002) Carbon emissions from tropical deforestation 
and regrowth based on satellite observations for the 1980s and 
1990s. Proceedings of the National Academy of Sciences of the United 
States of America 99, 14256–14261.

DiMichele WA, Aronson RB (1992) The Pennsylvanian–Permian 
vegetational transition: a terrestrial analogue to the 
onshore–offshore hypothesis. Evolution 43, 807–824.

DiMichele WA, DeMaris PJ (1987) Structure and dynamics of a 
Pennsylvanian-age Lepidodendron forest: colonizers of a disturbed 
swamp habitat in the Herrin (no. 6) Coal of Illinois. Palaios 2, 
146–157.

DiMichele WA, Phillips TL (1985) Arborescent lycopod 
reproduction and paleoecology in a coal-swamp environment of 
late Middle Pennsylvanian age (Herrin Coal, Illinois). Review of 
Palaeobotany and Palynology 44, 1–26.

DiMichele WA, Phillips TL (1988) Paleoecology of the Middle 
Pennsylvanian-age Herrin coal swamp near a contemporaneous 
river system, the Walshville Paleochannel. Review of Palaeobotany 
and Palynology 56, 151–176.

DiMichele WA, Phillips TL (1994) Paleobotanical and 
paleoecological constraints on models of peat formation in the Late 
Carboniferous of Euramerica. Palaeoclimatology, Palaeogeography, 
Palaeoecology 106, 39–90.

DiMichele WA, Phillips TL (1996) Climate change, plant extinctions, 
and vegetational recovery during the Middle-Late Pennsylvanian 
transition: the case of tropical peat-forming environments in North 

America. In Biotic Recovery from Mass Extinctions (ed. Hart ML). 
Geological Society Special Publication 102, 201–221.

DiMichele WA, Eble CF, Chaney DS (1996) A drowned lycopsid 
forest above the Mahoning coal (Conemaugh Group, Upper 
Pennsylvanian) in eastern Ohio, U.S.A. International Journal of 
Coal Geology 31, 249–276.

DiMichele WA, Phillips TL, Nelson WJ (2002) Place vs. time and 
vegetational persistence: a comparison of four tropical paleomires 
from the Illinois Basin at the height of the Pennsylvanian ice age. 
International Journal of Coal Geology 50, 43–72.

DiMichele WA, Kerp H, Chaney DS (2004) Tropical floras of the late 
Pennsylvanian-early Permian transition: Carrizo arroyo in context. 
In Carboniferous-Permian Transition at Carrizo Arroyo, Central 
New Mexico (eds Lucas SG, Zeigler KE). New Mexico Museum of 
Natural History and Science Bulletin 25, 105–110.

DiMichele WA, Gastaldo RA, Pfefferkorn HW (2005a) Plant 
biodiversity partitioning in the Late Carboniferous and Early 
Permian and its implications for ecosystem assembly. Proceedings of 
the California Academy of Sciences 56 (Suppl. 1), 32–49.

DiMichele WA, Tabor NJ, Chaney DS (2005b) Outcrop-scale 
environmental heterogeneity and vegetational complexity in the 
Permo-Carboniferous Markley formation of North Central Texas. 
In The Nonmarine Permian (eds Lucas SG, Zeigler KE). New 
Mexico Museum of Natural History and Science Bulletin 30, 
60–66.

DiMichele WA, Phillips TL, Pfefferkorn HW (2006a) The 
paleoecology of late Paleozoic pteridosperms from tropical 
Euramerica. Journal of the Torrey Botanical Society 133, 83–118.

DiMichele WA, Tabor NJ, Chaney DS, Nelson WJ (2006b) From 
wetlands to wetspots: the fate and significance of Carboniferous 
elements in Early Permian coastal plain floras of North-Central 
Texas. In Wetlands Through Time (eds Greb S, DiMichele WA). 
Geological Society of America Special Publication 299, 223–248.

DiMichele WA, Chaney DS, Nelson WJ, Lucas SG, Looy CV, Quick 
K, Wang J (2007) A low diversity, seasonal tropical landscape 
dominated by conifers and peltasperms: early Permian Abo 
Formation, New Mexico. Review of Palaeobotany and Palynology 
145, 249–273.

DiMichele WA, Kerp H, Tabor NJ, Looy CV (2008) Revisiting the 
so-called ‘Paleophytic-Mesophytic’ transition in equatorial Pangea: 
vegetational integrity and climatic tracking. Palaeoecology, 
Palaeoclimatology, Palaeogeography 268, 152–163.

DiMichele WA, Nelson WJ, Elrick S, Ames PJ (2009) Catastrophically 
buried middle Pennsylvanian Sigillaria and calamitean sphenopsids 
from Indiana, USA: What kind of vegetation was this? Palaios 24, 
159–166.

Dimitrova TKh, Cleal CJ (2007) Palynological evidence for late 
Westphalian-early Stephanian vegetation change in the Dobrudzha 
Coalfield, NE Bulgaria. Geological Magazine 144, 513–524.

Dimitrova TKh, Cleal CJ, Thomas BA (2005) Palynology of late 
Westphalian-early Stephanian coal-bearing deposits in the eastern 
South Wales Coalfield. Geological Magazine 142, 809–821.

Dong Q, McCormick PV, Sklar FH, DeAngelis DL (2002) Structural 
instability, multiple stable states, and hysteresis in periphyton driven 
by phosphorus enrichment in the Everglades. Theoretical 
Population Biology 61, 1–13.

Drummond CN, Wilkinson BH (1993) Carbonate cycle stacking 
patterns and hierarchies of orbitally-forced eustatic sealevel change. 
Journal of Sedimentary Petrology 63, 369–377.

Eggert DA (1961) The ontogeny of Carboniferous arborescent 
Lycopsida. Palaeontographica 108B, 43–92.

Ehret DL, Phillips TL (1977) Psaronius root systems-morphology 
and development. Palaeontographica 161B, 147–164.

Erwin DH (2006) Extinction: How Life on Earth Nearly Ended 250 
Million Years Ago. Princeton University Press, Princeton, New Jersey.



Paleozoic regime shifts and climate  223

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Erwin DH (2008) Macroevolution of ecosystem engineering, niche 
construction and diversity. Trends in Ecology and Evolution 23, 
304–310.

Erwin DH, Bowring SA, Yugan J (2002) End-Permian mass 
extinctions: a review. Geological Society of America Special Paper 
356, 363–383.

Falcon-Lang HJ (2006) Latest Mid-Pennsylvanian tree-fern forests in 
retrograding coastal plain deposits, Sydney Mines Formation, Nova 
Scotia, Canada. Journal of the Geological Society 163, 81–93.

Falcon-Lang HJ, Rygel MC, Calder JH, Gibling MR (2004) An early 
Pennsylvanian waterhole deposit and its fossil biota in a dryland 
alluvial plain setting, Joggins, Nova Scotia. Journal of the Geological 
Society, London 161, 209–222.

Feddema JJ, Oleson KW, Bonan GB, Mearns LO, Buja LE, Meehl 
GA, Washington WM (2005) The importance of land-cover change 
in simulating future climates. Science 310, 1674–1678.

Feyerabend P (1993) Against Method: Outline of an Anarchistic 
Theory of Knowledge, 3rd edn. Verso, New York. 279 p.

Fielding CR, Frank TD, Birgenheier L, Rygek MC, Jones AT, 
Roberts J (2008a) Stratigraphic imprint of the Late Palaeozoic Ice 
Age in eastern Australia: a record of alternating glacial and 
nonglacial climate regime. Journal of the Geological Society London 
165, 129–140.

Fielding CR, Frank TD, Isbell JL, eds. (2008b) Resolving the Late 
Paleozoic Ice Age in Time and Space. Geological Society of America 
Special Paper 441. Geological Society of America, Boulder, 
Colorado.

Foley JA (2005) Tipping points in the tundra. Science 310, 
627–628.

Foley JA, Coe MT, Scheffer M, Wang G (2003) Regime shifts in the 
Sahara and Sahel: interactions between ecological and climatic 
systems in Northern Africa. Ecosystems 6, 524–532.

Galtier J, Scott AC, Powell JH, Glover BW, Waters CN (1992) 
Anatomically preserved conifer-like stems from the Upper 
Carboniferous of England. Proceedings of the Royal Society, London 
B 247, 211–214.

Gastaldo RA (1986a) Implications on the paleoecology of 
autochthonous Carboniferous lycopods in clastic sedimentary 
environments. Palaeogeography, Palaeoclimatology, Palaeoecology 
53, 191–212.

Gastaldo RA (1986b) An explanation for lycopod configuration, 
‘Fossil Grove’ Victoria Park, Glasgow. Scottish Journal of Geology 
22, 77–83.

Gastaldo RA (1996) Flöznah and Flözfern assemblages: Potential 
predictors of Late Carboniferous biome replacement. In Patterns in 
Paleobotany: Proceedings of a Czech–U.S. Carboniferous Paleobotany 
Workshop (ed. RL Leary). Illinois State Museum Scientific Papers 26, 
19–27.

Gastaldo RA, DiMichele WA, Pfefferkorn HW (1996) Out of the 
icehouse into the greenhouse: a late Paleozoic analog for modern 
global vegetational change. GSA Today 6, 1–7.

Gastaldo RA, Stevanovic-Walls I, Ware WN (2004) Erect forests are 
evidence for coseismic base-level changes in Pennsylvanian 
cyclothems of the Black Warrior Basin, U.S.A. In Sequence 
Stratigraphy, Paleoclimate, and Tectonics of Coal-Bearing Strata 
(eds Pashin JC, Gastaldo RA). AAPG Studies in Geology 51, 
219–238.

Gibbs MT, Rees PM, Kutzbach JE, Ziegler AM, Behling PJ, 
Rowley DB (2002) Simulations of Permian climate and 
comparisons with climate-sensitive sediments. Journal of Geology 
110, 33–55.

González CR (1990) Development of the Late Paleozoic glaciations 
of the South American Gondwana in western Argentina. 
Palaeogeography, Palaeoclimatology, Palaeoecology 79, 275–
287.

Gordon LJ, Peterson GD, Bennett EM (2008) Agricultural 
modifications of hydrological flows create ecological surprises. 
Trends in Ecology and Evolution 23, 211–219.

Gradstein F, Ogg J, Smith A (2004) A Geologic Time Scale 2004, 
Cambridge University Press, Cambridge, UK.

Gulbranson EL, Montañez IP, Schmitz M, Limarino C, Marenssi SA, 
Crowley J (2008) High-resolution U-Pb calibration of 
Carboniferous glacigenic deposits, Paganzo Basin, Northwest 
Argentina: a new perspective on the timing of late Paleozoic 
glaciations. Geological Society of America Abstracts with Programs 
40, 401.

Haq BU, Schutter SR (2008) A chronology of Paleozoic sea-level 
changes. Science 322, 64–68.

Heckel PH (1986) Sea-level curve for Pennsylvanian eustatic marine 
transgressive-regressive depositional cycles along midcontinent 
outcrop belt, North America. Geology 14, 330–334.

Heckel PH (1994) Evaluation of evidence for glacial-eustatic control 
over marine Pennsylvanian cyclothems in North America and 
consideration of possible tectonic effects. In Tectonic and Eustatic 
Controls on Sedimentary Cycles (eds Dennison JM, Ettensohn FR), 
SEPM Concepts in Sedimentology and Paleontology 4, 65–87.

Heckel PH (2002) Overview of Pennsylvanian cyclothems in 
Midcontinent North America and brief summary of those 
elsewhere in the world. In The Carboniferous and Permian of the 
World (eds Hills LV, Henderson CM, Bamber EW). Canadian 
Society of Petroleum Geologists Memoir 19, 79–98.

Heckel PH (2008) Pennsylvanian cyclothems in Midcontinent North 
America as far-field effects of waxing and waning of Gondwana ice 
sheets. In Resolving the Late Paleozoic Ice Age in Time and Space 
(eds Fielding CR, Frank TD, Isbell JL). Geological Society of 
America Special Paper 441, 275–289.

Hentz TF (1988) Lithostratigraphy and paleoenvironments of 
upper Paleozoic continental red beds, North-Central Texas: 
Bowie (new) and Wichita (revised) Groups. The University of 
Texas at Austin, Bureau of Economic Geology Report of Investigations 
170, 1–55.

Hernandez-Castillo GR, Rothwell GW, Mapes G (2001) 
Thucydiaceae fam. nov., with a review and reevaluation of Paleozoic 
walchian conifers. International Journal of Plant Sciences 162, 
1155–1185.

Hilton J, Cleal CJ (2007) The relationship between Euramerican and 
Cathaysian tropical floras in the Late Palaeozoic: 
Palaeobiogeographical and palaeogeographical implications. 
Earth-Science Reviews 85, 85–116.

Holdridge LR (1967) Life Zone Ecology, Revised Edition. Tropical 
Science Center, San José, Costa Rica.

Horne JC, Ferm JC, Carruccio FT, Baganz BP (1978) Depositional 
models in coal exploration and mine planning in Appalachian 
region. American Association of Petroleum Geologists Bulletin 62, 
2379–2411.

Horton DE, Poulsen CJ, Pollard D (2007) Orbital and CO2 forcing 
of late Paleozoic continental ice sheets. Geophysical Research Letters 
34, L19708.

Hubbell SP (2001) The Unified Neutral Theory of Biodiversity 
and Biogeography. Princeton University Press, Princeton, 
New Jersey.

Huntley B, Webb T III (1989) Migration: species’ response to 
climatic variations caused by changes in the earth’s orbit. Journal of 
Biogeography 16, 5–19.

Isbell JL, Miller MF, Wolfe KL, Lenaker PA (2003) Timing of late 
Paleozoic glaciation in Gondwana: Was glaciation responsible for 
the development of northern hemisphere cyclothems? In Extreme 
Depositional Environments: Mega End Members in Geologic Time 
(eds Chan MA, Archer AA). Geological Society of America, Special 
Papers 370, 5–24.



224  W. A. DIMICHELE et al.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Jacobs DK, Sahagian DL (1995) Milankovitch fluctuations in sea level 
and recent trends in sea level change: ice may not always be the 
answer. In Sequence Stratigraphy and Depositional Response to 
Eustatic, Tectonic and Climatic Forcing (ed. Haq BU). Kluwer, 
Dordrecht, pp. 329–366.

Jenny H (1941) Factors of Soil Formation. McGraw-Hill, New York, 
281 pp.

Johnson KR (1992) Leaf-fossil evidence for extensive floral extinction 
at the Cretaceous-Tertiary boundary, North Dakota, USA. 
Cretaceous Research 13, 91–117.

Johnson KR (2007) Paleobotany – Forests frozen in time. Nature 
447, 786–787.

Kerp H (1996) Post-Variscan late Palaeozoic Northern Hemisphere 
gymnosperms: the onset to the Mesozoic. Review of Palaeobotany 
and Palynology 90, 263–285.

Kerp H, Fichter J (1985) Die Makrofloren des saarpfälzischen 
Rotliegenden (? Ober-Karbon-Unter-Perm; SW-Deutschland). 
Mainzergeowissenschaftliche Mitteilungen 14, 159–286.

Kessler JLP, Soreghan GS, Wacker HJ (2001) Equatorial aridity in 
western Pangea: lower Permian loessite and dolomitic paleosols in 
northeastern New Mexico, U.S.A. Journal of Sedimentary Research 
71, 817–832.

Knight J (1983) The stratigraphy of the Stephanian rocks of the 
Sabero Coalfield (Leon, NW Spain) and an investigation of the 
fossil flora. Part 1, Stratigraphy and general geology. 
Palaeontographica Abt. B 187, 1–88.

Knowlton N (1992) Thresholds and multiple stable states in 
coral reef community dynamics. American Zoologist 32, 
674–682.

Knowlton N (2004) Multiple ‘stable’ states and the conservation of 
marine ecosystems. Progress in Oceanography 60, 387–396.

Köppen W (1936) Das Geographisches System der Klimate. In 
Handbuch der Klimatologie, Vol. 1 Part C (eds Köppen W, 
Geiger R). Gebrüder Borntraeger, Berlin, Germany, pp. 1–46.

Kosanke RM, Cecil CB (1996) Late Pennsylvanian climate changes 
and palynomorph extinctions. Review of Palaeobotany and 
Palynology 90, 113–140.

Kosanke RM, Simon JA, Wanless HR, Willman HB (1960) 
Classification of the Pennsylvanian strata of Illinois. Illinois State 
Geological Survey Report of Investigations 214, 1–84.

Krings M, Kerp H, Taylor TN, Taylor EL (2003) How Paleozoic 
vines and lianas got off the ground: on scrambling and climbing 
Carboniferous-Early Permian pteridosperms. Botanical Review 69, 
204–244.

Kröpelin S, Verschuren D, Lezine Am Eggermont H, Cocquyt C, 
Francus P, Cazet JP, Fagot M, Rumes B, Russell JM, Darius F, 
Conley DJ, Schuster M, Von Suchodoletz H, Engstrom DR (2008) 
Climate-driven ecosystem succession in the Sahara: the past 6000 
years. Science 320, 765–768.

Kutzbach JE, Gallimore RG (1989) Pangaean climates: 
megamonsoons of the megacontinent. Journal of Geophysical 
Research 94, 3341–3358.

Lesnikowska AD (1989) Anatomically preserved Marattiales from coal 
swamps of the Desmoinesian and Missourian of the mid-continent 
United States: Systematics, ecology, and evolution. PhD Thesis. 
University of Illinois, Urbana-Champaign, Illinois, 227 pp.

Lewontin RC (1969) The meaning of stability. In Diversity 
and Stability a Ecological Systems. Report of Symposium Held 
May 26–28. 1969 (eds Woodwell GM, Smith HH). Biology 
Department, Brookhaven National Laboratory, Upton, 
New York, pp. 13–24.

Liu ZY, Wang Y, Gallimore R, Notaro M, Prentice IC (2006) On the 
cause of abrupt vegetation collapse in North Africa during the 
Holocene: Climate variability vs. vegetation feedback. Geophysical 
Research Letters 33, L22709.

Lofgren BM (1995) Surface albedo – climate feedback simulated 
using two-way coupling. Journal of Climate 8, 2543–2562.

Looy CV (2007) Extending the range of derived Late Paleozoic 
conifers: Lebowskia gen. nov. (Majonicaceae). International 
Journal of Plant Sciences 168, 57–972.

Looy CV, Twitchett RJ, Dilcher DL, Van Konijnenburg-Van Cittert 
JHA, Visscher H (2001) Life in the end-Permian dead zone. 
Proceedings National Academy of Science, USA 98, 7879–7883.

López Gamundí O, Limarino C, Césari S (1992) Late Paleozoic 
paleoclimatology of central west Argentina. Palaeogeography, 
Palaeoclimatology, Palaeoecology 91, 305–329.

Lucas SG, Tanner LH (2008) Reexamination of the end-Triassic mass 
extinction. In Mass Extinction (ed. Elwa AMT), Springer Verlag, 
New York, pp. 66–103.

Lucas SG, Kues B, Krainer K (2002) The Bursumian Stage. 
Permophiles 39, 23–28.

Lyons PC, Darrah WC (1989) Earliest conifers in North America: 
upland and/or paleoecological indicators? Palaios 4, 480–486.

Macbeth N (1971) Darwin Retried. Gambit Press, Inc, Boston, 
Massachusetts, 178 pp.

Mahaffy JF (1988) Vegetational history of the Springfield Coal 
(Middle Pennsylvanian of Illinois) and distribution patterns of a 
tree-fern miospore, Thymospora pseudothiessenii, based on 
miospore profiles. International Journal of Coal Geology. 10, 
239–260.

Mamay SH, Mapes G (1992) Early Virgilian plant megafossils from 
the Kinney Brick quarry, Manzanita Mountains, New Mexico. New 
Mexico Bureau of Mines and Mineral Resources Bulletin 138, 
61–85.

Martini IP, ed. (1997) Late Glacial and Postglacial Environmental 
Changes. Oxford University Press, Oxford, UK.

McComas MA (1988) Upper Pennsylvanian compression floras of the 
7–11 Mine, Columbiana County, Northeastern Ohio. Ohio Journal 
of Science 88, 48–52.

McElwain JC, Beerling DJ, Woodward FI (1999) Fossil plants and 
global warming at the Triassic-Jurassic boundary. Science 285, 
1386–1390.

Montañez IP, Tabor NJ, Niemeier D, DiMichele WA, Frank TD, 
Fielding CR, Isbell JI, Birgenheier LP, Rygel MC (2007) 
CO2-forced climate and vegetation instability during late Paleozoic 
deglaciation. Science 315, 87–91.

Montañez IP, Bishop J, Gulbranson E, Poulsen C, Cecil B (2008a) 
Far and near-field linkages in Permo-Carboniferous climate, 
sea-level and glaciation. Geological Society of America Abstracts 
with Programs 40, 400.

Montañez IP, Tabor NJ, DiMichele W, Cecil B, Gulbranson E, 
Poulsen P (2008b) Paleotropical climate and vegetation linkages to 
Southern Gondwanan glaciation: extending the Early Permian 
record into the Late Mississippian. Geological Society of America 
Abstracts with Programs 40, 534.

Morgan J (1959) The morphology and anatomy of American species 
of the genus Psaronius. Illinois Biological Monographs (Urbana, 
Illinois) 27, 1–108.

Mosbrugger V (1999) The nearest living relative method, In Fossil 
Plants and Spores: Modern Techniques (eds Jones TP, Rowe NP) 
Geological Society, London, pp. 261–265.

Mosbrugger V, Utescher T (1997) The coexistence approach – a 
method for quantitative reconstructions of Tertiary terrestrial 
palaeoclimate data using plant fossils. Palaeogeography, 
Palaeoclimatology, Palaeoecology 134, 61–86.

Nordt L, Orosz M, Driese S, Tubbs J (2006) Vertisol carbonate 
properties in relation to mean annual precipitation: implications for 
paleoprecipitation estimates. Journal of Geology 114, 501–510.

Ogg JG, Ogg G, Gradstein FM (2008) The Concise Geologic Time 
Scale. Cambridge University Press, New York, 177 pp.



Paleozoic regime shifts and climate  225

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Olszewski TD, Patzkowsky ME (2003) From cyclothems to 
sequences: the record of eustasy and climate on an icehouse epeiric 
platform (Pennsylvanian-Permian, North American 
Midcontinent). Journal of Sedimentary Research 73, 15–30.

Oplustil S, Cleal CJ (2007) A comparative analysis of some late 
carboniferous basins of  Variscan Europe. Geological Magazine 144, 
417–448.

Otto-Bliesner BL (2003) The role of mountains, polar ice, and 
vegetation in determining the tropical climate during the Middle 
Pennsylvanian: climate model simulations. In Climate Controls on 
Stratigraphy (eds Cecil CB, Edgar TN). SEPM Special Publication 
77, 227–237.

Overpeck JT, Webb RS, Webb T III (1992) Mapping eastern North 
American vegetation change of the past 18 ka: no-analogs and the 
future. Geology 20, 1071–1074.

Peppers RA (1985) Comparison of miospore assemblages in the 
Pennsylvanian System of the Illinois Basin with those in the Upper 
Carboniferous of Western Europe. Proceedings of the 9th 
International Congress of Carboniferous Stratigraphy and Geology 2, 
483–502.

Peppers RA (1996) Palynological correlation of major Pennsylvanian 
(Middle and Upper Carboniferous) chronostratigraphic boundaries 
in the Illinois and other coal basins. Geological Society of America 
Memoir 188, 1–111.

Peppers RA (1997) Palynology of the Lost Branch Formation of 
Kansas – new insights on the major floral transition at the 
Middle–Upper Pennsylvanian boundary. Review of Palaeobotany 
and Palynology 98, 223–246.

Perlmutter MA, Plotnick RE (2003) Hemispheric asymmetry of the 
stratigraphic record: conceptual proof of unipolar glaciation. In 
Climate Controls on Stratigraphy (eds Cecil CB, Edgar NT). SEPM 
Special Publication, 77, 51–68.

Petraitis PS, Dudgeon SR (2004) Detection of alternative stable states 
in marine communities. Journal of Experimental Marine Biology 
and Ecology 300, 343–371.

Petraitis PS, Dudgeon SR (2005) Divergent success and implications 
for alternative states on rocky intertidal shores. Journal of 
Experimental Marine Biology and Ecology 326, 14–26.

Petraitis PS, Methratta ET (2006) Using patterns of variability to test 
for multiple community states on rocky intertidal shores. Journal of 
Experimental Marine Biology and Ecology 338, 222–232.

Peyser CE, Poulsen CJ (2008) Controls on Permo-Carboniferous 
precipitation over tropical Pangaea: a GCM sensitivity study. 
Palaeogeography, Palaeoclimatology, Palaeoecology 268, 181–192.

Pfefferkorn HW, Thomson M (1982) Changes in dominance patterns 
in Upper Carboniferous plant-fossil assemblages. Geology 10, 
641–644.

Pfefferkorn HW, Wang J (2007) Early Permian coal-forming floras 
preserved as compressions from the Wuda District (Inner 
Mongolia, China). International Journal of Coal Geology 69, 
90–102.

Pfefferkorn HW, Gillespie WH, Resnick DA, Scheihing MH (1984) 
Reconstruction and architecture of medullosan pteridosperms 
(Pennsylvanian). The Mosasaur 2, 1–8.

Pfefferkorn HW, Gastaldo RA, DiMichele WA (2000) Ecological 
stability during the late Paleozoic cold interval. In Terrestrial 
Ecosystems, A Short Course (eds Gastaldo RA, DiMichele WA). 
Paleontological Society Papers 6, 63–78.

Phillips TL, DiMichele WA (1981) Paleoecology of Middle 
Pennsylvanian age coal swamps in southern Illinois – Herrin Coal 
Member at Sahara Mine No. 6. In Paleobotany, Paleoecology and 
Evolution, Vol. 1 (ed. Niklas KJ). Praeger Scientific Publishers, New 
York, pp. 231–285.

Phillips TL, DiMichele WA (1992) Comparative ecology and 
life-history biology of arborescent lycopods in Late Carboniferous 

swamps of Euramerica. Annals of the Missouri Botanical Garden 79, 
560–588.

Phillips TL, Peppers RA (1984) Changing patterns of Pennsylvanian 
coal-swamp vegetation and implications of climatic control on coal 
occurrence. International Journal of Coal Geology 3, 205–255.

Phillips TL, Peppers RA, Avcin MJ, Laughnan PF (1974) Fossil plants 
and coal: patterns of change in Pennsylvanian coal swamps of the 
Illinois Basin. Science 184, 1367–1369.

Phillips TL, Peppers RA, DiMichele WA (1985) Stratigraphic and 
interregional changes in Pennsylvanian-age coal-swamp 
vegetation: environmental inferences. International Journal of Coal 
Geology 5, 43–109.

Plotnick RE, Kenig F, Scott A, Glasspool I (2008) Stop 3: 
exceptionally well-preserved paleokarst and Pennsylvanian cave fills. 
In Deglacial History and Paleoenvironments of Northern Illinois 
(ed. Curry B). Illinois State Geological Survey Open File Report 
2008-01, 79–87.

Poulsen CJ, Pollard D, Montanez IP, Rowley D (2007) Late 
Paleozoic tropical climate response to Gondwanan deglaciation. 
Geology 35, 771–774.

Prentice IC, Cramer W, Harrison SP, Leeman R, Monserud RA, 
Solomon AM (1992) A global biome model based on plant 
physiology and dominance, soil properties and climate. Journal of 
Biogeography 19, 117–134.

Rees PM (2002) Land-plant diversity and the end Permian mass 
extinction. Geology 30, 827–830.

Rees PM, Ziegler AM, Gibbs MT, Kutzbach JE, Behling PJ, 
Rowley DB (2002) Permian phytogeographic patterns and 
climate data/model comparisons. The Journal of Geology 110, 
1–31.

Repine TE, Blake BM, Ashton KR, Fedorko N, Keiser AF, Loud EI, 
Smith CJ, Mcclelland SW, Mccolloch GH (1993) Regional and 
economic geology of Pennsylvanian age coal beds of West Virginia. 
International Journal of Coal Geology 23, 75–101.

Rhodes K, Tabor N, DiMichele WA, Chaney D (2007) Paleobotanical 
evidence for ‘pluvial’ intervals in the western Pangean tropics 
during the Early Permian. Geological Society of America Abstracts 
with Programs 39, 400.

Rothwell GW, Mapes G (1988) Vegetation of a Paleozoic conifer 
community. In Regional Geology and Paleontology of Upper 
Paleozoic Hamilton Quarry Area in Southeastern Kansas 
(eds G Mapes, RH Mapes). Guidebook 33rd Annual Meeting, 
South-Central Section, Geological Society of America, Boulder, 
Colorado, pp. 213–223.

Rothwell GW, Mapes G (2001) Barthelia furcata gen. et sp. nov., 
with a review of Paleozoic coniferophytes and a discussion of 
coniferophyte systematics. International Journal of Plant Sciences 
162, 637–667.

Royer DL (1999) Depth of pedogenic carbonate horizon as a 
paleoprecipitation indicator? Geology 27, 1123–1126.

Rygel MC, Fielding CR, Frank TD, Birgenheier LP (2008) The 
magnitude of late Paleozoic glacioeustatic fluctuations: a synthesis. 
Journal of Sedimentary Research 78, 500–511.

Saltzman MR (2003) Late Paleozoic ice age: oceanic gateway or 
pCO2. Geology 31, 151–154.

Scheffer M, Carpenter SR (2003) Catastrophic regime shifts in 
ecosystems: linking theory to observation. Trends in Ecology and 
Evolution 18, 648–656.

Scheffer M, Carpenter S, Foley Ja Folke C, Walker B (2001) 
Catastrophic shifts in ecosystems. Nature 413, 591–596.

Scheffler K, Buehmann D, Schwark L (2006) Analysis of late 
Palaeozoic glacial to postglacial sedimentary successions in South 
Africa by geochemical proxies – response to climate evolution and 
sedimentary environment. Palaeogeography, Palaeoclimatology, 
Palaeoecology 240, 184–203.



226  W. A. DIMICHELE et al.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Schweitzer HJ (1986) The land flora of the English and German 
Zechstein sequences. Geological Society, London, Special 
Publications, 22, 31–54.

Scott AC, Chaloner WG (1983) The earliest fossil conifer from the 
Westphalian B of Yorkshire. Proceedings of the Royal Society London 
B 220, 163–182.

Seabloom EW, Richards SA (2003) Multiple stable equilibria in 
grasslands mediated by herbivore population dynamics and 
foraging behavior. Ecology 84, 2891–2904.

Shugart HH (1997) Plant and ecosystem functional types. In Plant 
Functional Types (eds Smith TM, Shugart HH, Woodward FI). 
Cambridge University Press, Cambridge, UK, pp. 20–43.

Shurin JB, Amarasekare P, Chase JM, Holt RD, Hoopes MF, 
Leibold MA (2004) Alternative stable states and regional 
community structure. Journal of Theoretical Biology 227, 
359–368.

Smith TM, Shugart HH, Woodward FI, eds (1997) Plant Functional 
Types. Cambridge University Press, Cambridge. 369 pp.

Soreghan MJ, Soreghan GS, Hamilton MA (2008) Glacial-
interglacial shifts in atmospheric circulation of western tropical 
Pangaea. Palaeogeography, Palaeoclimatology, Palaeoecology 268, 
260–272.

Sousa WP, Connell JH (1985) Further comments on the evidence for 
multiple stable points in natural communities. The American 
Naturalist 125, 612–615.

Sutherland JP (1974) Multiple stable points in natural communities. 
American Naturalist 108, 859–873.

Tabor NJ, Montañez IP (2002) Shifts in late Paleozoic atmospheric 
circulation over western equatorial Pangea: insights from 
pedogenic mineral !18O compositions. Geology 30, 1127–1130.

Tabor NJ, Poulsen CJ (2008) Palaeoclimate across the Late 
Pennsylvanian–Early Permian tropical palaeolatitudes: a review 
of climate indicators, their distribution, and relation to 
palaeophysiographic climate factors. Palaeogeography, 
Palaeoclimatology, Palaeoecology 268, 293–310.

Thomas BA, Watson J (1976) A rediscovered 114-foot 
Lepidodendron from Lancashire. Geological Journal 11, 15–20.

Urban MC, Leibold MA, Amarasekare P, De Meester L, 
Gomulkiewicz R, Hochberg ME, Klausmeier CA, Loeuille N, 
de Mazancourt C, Norberg J, Pantel JH, Strauss SY, Vellend M, 
Wade MJ (2008) The evolutionary ecology of metacommunities. 
Trends in Ecology and Evolution 23, 311–317.

Wagner RH (2004) Climatic changes as mirrored by Carboniferous 
and Permian floral distributions. Monografías Del Jardín Botánico 
de Córdoba 11, 29–39.

Wagner RH, Lyons PC (1997) A critical analysis of the higher 
Pennsylvanian megaflora of the Appalachian region. Review of 
Palaeobotany and Palynology 95, 255–283.

Walter H (1985) Vegetation of the Earth and Ecological Systems of the 
Geo-Biosphere, 3rd edn. Springer-Verlag, New York, 318 pp.

Wanless HR, Shepard FP (1936) Sea level and climate changes related 
to late Paleozoic cycles. Geological Society of America Bulletin 47, 
1177–1206.

Webb TJ, Woodward FI, Hannah L, Gaston KJ (2005) Forest 
cover-rainfall relationships in a biodiversity hotspot: the Atlantic 
forest of Brazil. Ecological Applications 15, 1968–1983.

Webb TJ, Gaston KJ, Hannah L, Woodward FI (2006) Coincident 
scales of forest feedback on climate and conservation in a diversity 
hotspot. Proceedings of the Royal Society, London, B 273, 757–765.

Willard DA (1989a) Source plants for Carboniferous microspores: 
Lycospora from permineralized Lepidostrobus. American Journal of 
Botany 76, 820–827.

Willard DA (1989b) Lycospora from Carboniferous Lepidostrobus 
compressions. American Journal of Botany 76, 1429–1440.

Willard DA (1993) Vegetational patterns in the Springfield Coal 
(Middle Pennsylvanian, Illinois Basin): comparison of miospore, 
coal-ball records. In Modern and Ancient Coal-Forming 
Environments (eds Cecil CB, Cobb J). Geological Society of America 
Special Paper 286, 139–152.

Willard DA, Phillips TL (1993) Paleobotany and palynology of the 
Bristol Hill Coal Member (Bond Formation) and Friendsville Coal 
Member (Mattoon Formation) of the Illinois Basin (Upper 
Pennsylvanian). Palaios 8, 574–586.

Willard DA, Phillips TL, Lesnikowska AD, DiMichele WA (2007) 
Paleoecology of the Late Pennsylvanian-Age Calhoun coal bed and 
implications for long-term dynamics of wetland ecosystems. 
International Journal of Coal Geology 69, 21–54.

Williams JW, Jackson ST (2007) Novel climates, no-analog 
communities, and ecological surprises: past and future. 
Frontiers in Ecology and the Environment 5, 475–482.

Wing SL, Harrington GJ (2001) Floral response to rapid warming in 
the earliest Eocene and implications for concurrent faunal change. 
Paleobiology 27, 539–563.

Winston RB (1990) Implications of paleobotany of 
Pennsylvanian-age coal of the central Appalachian basin for climate 
and coal-bed development. Geological Society of America Bulletin 
102, 1720–1726.

Wnuk C, Pfefferkorn HW (1987) A Pennsylvanian-age terrestrial 
storm deposit: using plant fossils to characterize the history and 
process of sediment accumulation. Journal of Sedimentary Petrology 
57, 212–221.

Woodward FI, Lomas MR (2004) Vegetation dynamics – simulating 
responses to climate change. Biological Reviews 79, 643–670.

Woodward FI, Lomas MR, Betts RA (1998) Vegetation-climate 
feedbacks in a greenhouse world. Philosophical Transactions of 
Theroyal Society, London B 353, 29–39.

Woodward FI, Lomas MR, Kelly CK (2004) Global climate and the 
distribution of plant biomes. Philosophical Transactions of the Royal 
Society, London B 359, 1465–1476.

Zachos JC, Rohl U, Schellenberg SA, Sluijs A, Hodell DA, 
Kelly DC, Thomas E, Nicolo M, Raffi I, Lourens LI, Mccarren H, 
Kroon D (2005) Rapid acidification of the ocean during the 
Paleocene-Eocene Thermal Maximum. Science 308, 1611–
1615.

Zeng N, Qian H, Munoz E (2004) How strong is carbon 
cycle-climate feedback under global warming? Geophysical Research 
Letters 31, L20203.

Zhou Y-X (1994) Earliest pollen-dominated microfloras from the 
early late carboniferous of the Tian Shan Mountains, NW China: 
their significance for the origin of conifers and 
palaeophytogeography. Review of Palaeobotany and Palynology 81, 
193–211.

Ziegler AM (1990) Phytogeographic patterns and continental 
configurations during the Permian Period. In Palaeozoic 
Palaeogeography and Biogeography (eds McKerrow WS, 
Scotese CR). Geological Society of London Memoir, 12, 363–379.

Ziegler AM, Hulver ML, Rowley DB (1997) Permian world 
topography and climate. In Late Glacial and Postglacial 
Environmental Changes – Quaternary, Carboniferous-Permian and 
Proterozoic (ed. Martini IP). Oxford University Press, New York, 
pp. 111–146.

Ziegler A, Eshel G, Rees PM, Rothfus T, Rowley D, Sunderlin D 
(2003) Tracing the tropics across land and sea: Permian to present. 
Lethaia 36, 227–254.


