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Climate signals in Palaeozoic land plants

Dianne Edwards
Department of Earth Sciences, University ofWales Cardi¡, POBox 914, Cardi¡ CF1 3YE, UK

The Palaeozoic is regarded as a period in which it is di¤cult to recognize climate signals in land plants
because they have few or no close extant relatives. In addition early, predominantly axial, representatives
lack the features, e.g. leaf laminae, secondary growth, used later as qualitative and quantitive measures of
past climates. Exceptions are stomata, and the preliminary results of a case study of a single taxon present
throughout the Devonian, and analysis of stomatal complex anatomy attempt to disentangle evolutionary,
taxonomic, habitat and atmospheric e¡ects on stomatal frequencies. Ordovician^Silurian vegetation is
represented mainly by spores whose widespread global distribution on palaeocontinental reconstructions
with inferred climates suggest that the producers were independent of major climate variables, probably
employing the physiology and behavioural strategies of extant bryophytes, further characterized by small
size. Growth-ring studies, ¢rst possible on Mid-Devonian plants, have proved most informative in eluci-
dating the climate at high palaeolatitudes in Late Permian Gondwana. Changes in the composition of
Carboniferous^Permian low-latitude wetland vegetation are discussed in relation to tectonic activity and
glaciation, with most con¢dence placed on the conclusion that major extinctions at the Westphalian^
Stephanian boundary in Euramerica resulted from increased seasonality created by changes in circulation
patterns at low latitudes imposed by the decrease of glaciations in most parts of Gondwana.

Keywords: stomatal frequencies, early land plants, Carboniferous tropical vegetation, growth rings,
Ordovician^Silurian cryptospores,Westphalian^Stephanian extinctions

1. INTRODUCTION

The ¢nal 220 million years (Ma) of the Palaeozoic
(ca. 470^250 Ma BP) saw the development and
diversi¢cation of terrestrial ecosystems based on embryo-
phytes. It was both a time of enormous evolutionary
innovation, encompassing the appearance of all major
groups of tracheophytes except the angiosperms, and a
time of intense environmental change, to no small extent
driven by the activities of the plants themselves (Berner
1992, 1994, 1997, this volume). Models suggest that early
in the Palaeozoic (¢gure 1), CO2 levels, and hence global
temperatures, were higher than at any other time in the
Palaeozoic (with the dampening proviso that solar lumin-
osity was lower than at present: Berner 1994), but
interrupted by a brief period of glaciation in the Late
Ordovician (Brenchley et al. 1994; Worsley et al. 1994).
Towards the end of the Palaeozoic, Earth became an `ice-
house' world with a period of major glaciation comparable
only to the Pleistocene in the Phanerozoic. The Late
Palaeozoic also saw episodes of major tectonic activity,
and subsequent erosion associated with the Variscan
orogeny, with consequences for regional topography, sedi-
mentation patterns, precipitation and, possibly,
atmospheric circulation patterns (Rowley et al. 1985).
Such is the complexity of the palaeobotanical and physical
background to the question posed in this paper.
Climate signals in land plants become increasingly faint

as the past becomes more distant because the plants them-
selves are less familiar in appearance and more di¤cult to
identify in terms of extant taxa. Thus, the `nearest living
relative' approach has little relevance for the Palaeozoic

(Chaloner & Creber 1990; Chaloner & McElwain 1997).
Interpretation of climate signals relying on the assumption
that responses to environmental parameters in the past
resulted in similar morphological and anatomical adapta-
tions to those which occur today has achieved the greatest
rewards in growth-ring studies and, more recently,
stomatal frequencies (McElwain & Chaloner 1995; Beer-
ling & Woodward 1997). Approaches involving leaf
physiognomy based on angiosperm trees (e.g. Wolfe 1971,
1979) are generally not appropriate. While recognition of
the tropical aspect of Carboniferous vegetation of the
Euramerican province long before the advent of palaeo-
continental reconstructions was partially based on large
size of fronds as well as weakly developed, or absence of,
growth rings (see summary in Schopf 1973; McElwain &
Chaloner 1995), emphasis has now moved on to seeking
causal relationships between changes in wetland commu-
nities in the Late Carboniferous and Early Permian and
global climatic events (see summary in DiMichele & Phil-
lips 1996a)

2. THE PALAEOBOTANICAL BACKGROUND

Four major phases of vegetation may be detected in the
Palaeozoic (¢gure 1) subsequent to the ¢rst indications of
land plants in the Llanvirn (Middle Ordovician)
(Vavrdova 1988; Strother et al. 1996). Evidence for the
earliest, Gray's Embryophytic: Evolutionary Level II
(Gray 1993; I in ¢gure 1), is predominantly from spores
thought to have derived from plants at a bryophyte
(possibly hepatic) level of organization, and hence
showing behavioural and physiological adaptations to the
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terrestrial environment (Gray 1984, 1985). Permanent
tetrads and dyads plus their separated products (all cryp-
tospores sensu Richardson (1988)) persisted into the Lower
Devonian, but the appearance in the Llandovery (Lower
Silurian) of unequivocal trilete monads typical of those
produced by the free-sporing vascular plants of the Devo-
nian marked the start of the Eotracheophytic (Gray's
Evolutionary Level III). The ¢rst `fertile megafossil
evidence' for the spore producers was in the Wenlock
(Middle Silurian) (Edwards et al. 1983), with indications
of proliferation of small-branching, lea£ess plants with
terminal sporangia in the Late Silurian and Early Devo-
nian. Their a¤nities are with tracheophytes and pre-
tracheophyte embryophytes, but the majority lack the
critical anatomical evidence for conducting tissues. In
Laurentia, the end of the Lochkovian (Lower Devonian)
saw a major radiation of these axial plants, with variation
in branching patterns, surface ornamentation and sporan-
gial position, but retention of the basic `switch habit', as
well as the appearance of the lycophytes (Edwards &
Davies 1990). Gray (1993) used this to mark the base of
her Eutracheophytic Evolutionary Level IV. More
recently acquired information from outside Laurentia
suggests that the diversi¢cation might have started near
the end of the Silurian (Edwards 1990). Successive radia-
tions and competitive replacement occurred throughout

the Lower and Middle Devonian (Edwards & Davies
1990; Berry & Fairon-Demaret 1998), resulting in the
emergence of the progymnosperms in the Middle Devo-
nian and of the sphenopsid and fern clades in the Upper
Devonian (II in ¢gure 1). At the cellular level, such plants
had the full complement of anatomical features associated
with homoiohydry, but apart from the lycophytes and
some little-understood £abelliform structures, there were
no large laminar leaves and their architecture bore little
resemblance to that of modern ferns and horsetails.
The next phase in terrestrialization was marked by the

appearance of ovule-bearing plants in the Famennian (III
in ¢gure 1). The subsequent radiation of the pteridosperms
in the latest Devonian completed the establishment of the
four major clades which were to dominate the vegetation
throughout the Carboniferous. Each had a particular
type of architecture (especially in relation to the tree
habit), of life history and of reproductive biology, such
that there was a `strong phylogenetic overprint' on the
various communities that were centred on physically
distinct parts of the tropical lowlands (DiMichele &
Hook 1992; DiMichele & Phillips 1996b). Broadly
speaking, arborescent lycophytes occurred in the wettest
swamps, seed plants dominated well-to-poorly drained
clastic substrates, sphenopsids colonized regions character-
ized by major physical disturbance, and ferns were
interstitial opportunists.
Such ecological partitioning in the tropical lowlands

was disrupted by climate change beginning towards the
end of the Carboniferous. In the globally drier periods
that followed, seed plants, and particularly conifers,
replaced arborescent free-sporing plants. This may be
regarded as the start of the ¢nal vegetation phase of the
Palaeozoic, indeed it is traditionally regarded as the begin-
ning of the Mesophytic (Gothan & Weyland 1954; Gray
1993). However, as Knoll (1984) emphasized, the change
was a gradual one, occurring at di¡erent times in di¡erent
£oristic regions, but it appears to be recorded most drama-
tically in the Mid-Permian of Laurentia (see also Kerp
1996).

3. ANATOMICAL FEATURES OF PALAEOZOIC PLANTS

(a) Growth rings: `trees as compulsive diarists'
(Chaloner & Creber 1990)

In this phrase, Chaloner & Creber (1990) nicely encap-
sulated the fact that secondary wood development results
from the complex interaction between intrinsic and
extrinsic controls on growth. Among the latter is climate,
which in£uences seasonal activity and conditions a¡ecting
annual productivity (Creber & Chaloner 1984a). Growth-
ring studies have produced a wealth of data on plant
climates throughout the Phanerozoic, although detailed
interpretation requires information on the whole plant
not usually available in the fragments of twigs, branches,
and trunks preserved in the Palaeozoic (e.g. Tomlinson &
Craighead 1972; Creber & Chaloner 1984a; Ash 1985;
Chapman 1994).

(i) Devonian
The oldest records of plants known to possess secondary

wood are those of aneurophytalean progymnosperms in
the Middle Devonian (Eifelian) of Germany (Schweitzer
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Figure 1. Phases in terrestrialization, modelled atmospheric
carbon dioxide concentrations (based on Berner, references
herein), modelled global temperatures (Worsley et al. 1994)
and periods of glaciation in the Palaeozoic. The upper
temperature curve represents the `best estimates' for various
parameters according to the GEOCARB II model. The lower
line represents lowest crude error estimates based on modelling
sensitivity analysis. I, pre-tracheophyte embryophytes (cryp-
tospore producers); II, inititial radiation of tracheophytes; III,
¢rst seed plants and consolidation of four major clades; IV,
beginning of Mesophytic and dominance by gymnosperms.
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1974: Rellimia, Eifelian, Lindlar, Germany). Reconstruc-
tions of complete plants are not available but, in general
habit, they were probably shrubs composed of lea£ess
stems, the largest a few centimetres in diameter, with
repeated branching patterns (described as N, N+1, N+2,
etc.). Usually three- or four-lobed xylem was surrounded
by relatively small amounts of secondary wood of coni-
ferous aspect (Beck 1976), but evidence of periodicity in
its growth and possible causes are conjectural. Dannen-
ho¡er & Bonamo (1989) illustrated axes of Givetian
(Upper Middle Devonian) Rellimia thomsonii from New
York State with 2^3 growth layers (less than 22 mm wide)
in N and N+1 axes, whose cells (ca. 30) show a gradual
decrease in width with layers, 3^10 tracheids thick, inter-
preted as late wood. The secondary tissue is somewhat
distorted and rings completely encircling the stem were
not detected. They concluded that such growth rings
re£ected seasonal activity of the vascular cambium and
that, although the NewYork localities were palaeogeogra-
phically located near the equator, these data plus
sedimentological evidence (e.g. the presence of desiccation
cracks in freshwater limestones; Kent 1985; Woodrow
1985) pointed to their being at higher tropical latitudes.
Indeed, subsequently published reconstructions place
them nearer 308 S (¢gure 2; Golonka et al. 1994). Dannen-
ho¡er & Bonamo (1989) o¡ered a similar climatic
explanation for the often even fainter growth discontinu-
ities in other aneurophytalean progymnosperms (e.g.
Upper Devonian, Triloboxylon: Scheckler 1975; Tetraxylop-
teris: Matten & Banks 1967) including Eifelian
Aneurophyton (KrÌusel & Weyland 1929, 1935), although
their existence had not been accepted by the original
authors.
Far more attention has been paid to the Upper

Devonian arborescent progymnosperm Archaeopteris,
where isolated stems, composed almost entirely of
secondary wood (Callixylon), may reach 1 m in diameter
and 8.4 m in length (e.g. Chaloner & Creber 1973;

Creber & Chaloner 1984a,b). Here the occurrences (plus
a recently described Moroccan record; Galtier et al. 1996)
are plotted on a more recent palaeocontinental recon-
struction (¢gure 2; redrawn from Golonka et al. 1994).
The majority of records show no discontinuities of
growth. Exceptions include Callixylon erianum (Arnold
1929) and C. newberry from Indiana (Arnold 1947),
described by Chaloner & Creber (1973) as having clear
but subdued rings of variable width with very narrow
zones, 2^3 cells wide, of late wood, but with no sharp
distinction between successive growth periods. Lemoigne
et al. (1983), in a revision of the type species C. tri¢lievii
from the Donetz Basin, described occasional growth
discontinuities which never completely encircled the
stems and interpreted them as false rings, indicative of
traumatic interruption of growth in plants inhabiting a
non-seasonal, warm and humid environment.This conclu-
sion was supported by Creber & Chaloner's quantitative
analysis of C. tri¢lievii (based on cell numbers and radial
tracheid diameters in individual growth rings) as being
type `O' (Creber & Chaloner 1984b), indicative of habitats
where all the requirements for growth are constantly
present. Discontinuities of growth may have been coinci-
dent with seasonal or traumatic shedding of leafy
branches in Archaeopterisöthe latter based on the frequent
occurrences of foliage in large mats (Scheckler 1978).
Scheckler interpreted Archaeopteris as a member of a low
diversity gallery forest colonizing water-logged soils along
streams or wetland £ood plains, where temporary
lowering of the water table might have interrupted
growth. Replotting the data shows a wider latitudinal
spread than earlier global distributions (e.g. a Siberian
record of C. tri¢lievii; Lemoigne et al. 1983), although
critical comparative data on wood from the highest
southern latitudes, where Archaeopteris foliage does occur
(e.g. South Africa), is absent. Further studies based on a
recent report of Archaeopteris/Callixylon from the Aztec
Formation, Antarctica, should prove particularly
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Figure 2. Distribution of Callixylon in the Upper Devonian with one Middle Devonian record of Rellimia. (Base map from Golonka
et al. 1994.)
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illuminating (Retallack 1997). It therefore remains impos-
sible to contribute to the debate as to whetherArchaeopteris,
or indeed the earlier progymnosperms, had not yet
evolved the capability to produce growth rings (Antevs
1953), or whether existing records demonstrate an Upper
Devonian equable climate.

(ii) Carboniferous
The dearth of detailed quantitative studies on growth

rings in Carboniferous woods, arguably the ¢rst period
demonstrating unequivocal global phytoprovincialism
(Phillips & Peppers 1984; Meyen 1987), re£ects pre-
occupation with the wet tropics of Euramerica (for
reviews, see Chaloner & Creber 1973; Creber & Chaloner
1984b) where they are usually faint and incomplete (in
stems) and more marked in roots (e.g. Amyelon), the latter
probably related to local changes in water table (Phillips &
Peppers 1984). Growth rings in cordaitalian wood from
the Upper Carboniferous of Siberia (Shilkina 1960) are
very pronounced and narrow, and are consistent with a
high palaeolatitude. The possibility of seasonal growth
near the equator in Lower Carboniferous times is
currently being investigated by Falcon-Lang (1997). Preli-
minary quantitative data on charcoal from Ireland and
Scotland indicate high rainfall of seasonal occurrence.

(iii) Permian
For the ¢rst time in the Palaeozoic, ring analysis

provides a strong, if somewhat unexpected, signal on
climate. Although low-latitude data are available (e.g.
western Europe; Frentzen 1931) that con¢rm a lack of
seasonality, far more informative are those from Late
Gondwanan high latitudes (i.e. greater than 708 S) (e.g.
KrÌusel 1962; Maheshawari 1972; Je¡erson & Taylor
1983; Francis et al. 1994), where growth rings are
pronounced, numerous, and wide, and occur in trunks
thought to have borne the leaves assigned to Glossopteris.
Francis et al. (1993) provide a preliminary quantitative

analysis of thin sections of silici¢ed wood recovered from
in situ stumps (less than 30 cm in diameter and 20 cm
high) within coals and from mostly drifted larger branches
and trunks (less than 1m in diameter and 20m long) in
£uvial sediments from the late Early PermianWeller Coal
Measures of Allan Hills, southernVictoria Land, Transan-
tarctic Mountains. Their analysis demonstrated the
following:

(i) that rings are very wide (3.21^14mm; mean per
tree � 3.75^4.00mm in thin sections; 8.85mm in
rough-hand sections from larger specimens), such
increments being comparable to those in present-day
conifers growing under very favourable conditions at
mid-latitudes (Creber & Chaloner 1984a);

(ii) that mean sensitivity (i.e. variation in width between
adjacent rings averaged for the whole system; ¢gure
3) is low (0.3, i.e. at the boundary between compla-
cent and sensitive sensu Creber (1977));

(iii) that there is a large number of cells per ring (e.g. 114,
141, 194), leading to the prediction of a growing
season of at least 48 days, based on Creber &
Chaloner's observation that extant spruce produces
up to 4 cells dÿ1 in good light (Creber & Chaloner
1984b);

(iv) well-de¢ned ring boundaries, each comprising a wide
zone of thin-walled early wood cells and a narrow
zone of thick-walled, late-wood cells;

(v) cell diameters of 10^65 mm (mean�30 mm);
(vi) that analysis of the radial diameters of cells across

several rings plotted against the cumulative sum of
deviation from mean radial diameters produces three
of the types de¢ned by Creber & Chaloner (1984b;
¢gure 4), viz. type C or D, which indicate gradual
changes in conditions during the growing season
with a marked terminal cessation of growth or type
B where the growing season was long, but there was
the very abrupt cessation of growth typical of high-
latitude fossil wood, attributed to decrease in light
levels at the onset of the polar winteröthe latter is
considered most representative for the locality
(¢gure 4); and

(vii) false rings were rare, as were rings caused by frost
damage. Such data indicate that the trees £ourished
under favourable conditions throughout the growing
season, with ample water, clement temperatures,
enhanced by the extended daylight hours of the
Antarctic summer, and conditions deteriorating only
gradually as trees approached winter dormancy.
Temperatures would have been increased by the low
albedo of surfaces (little or no ice cover) and the
greenhouse e¡ect of the postulated high CO2 concen-
trations (Francis et al. 1994).

Other less detailed numerical analyses from Late
Permian Antarctic localities (e.g. Je¡erson & Taylor 1983;
Taylor & Taylor 1990) broadly support these conclusions
on climate, although in the former, the growth rings
(under 8mm), while wide, were very variable in width,
this being attributed to relatively low light during the
growing season; and in the latter, the wide rings (greater
than 11.38mm, mean � 4.5mm) show a late wood of only
1^3 cells. Further evidence for a (cool) temperate humid
seasonal climate comes from diverse assemblages of
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Figure 3. Mean sensitivity data reproduced from Francis et al.
(1994) based on Late Permian wood from Antarctica. (a) J039:
mean ring width, 4.40mm; mean sensitivity, 0.227. (b) J024:
mean ring width, 8.85mm; mean sensitivity, 0.196.
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animals in the Late Permian of South Africa (Yemane
1993) and from sedimentation style which demonstrates
that cyclic sedimentation was controlled by glacial melt.
The latter contradicts the hypothesis that by post-
Sakmarian Permian times, Antarctica was ice-free
(Barrett 1991; Barrett et al. 1991; Francis et al. 1994).
Conceptual and numerical modelling of Permian climates
of the Pangaean supercontinent (see Parrish 1993)
con¢rms a markedly seasonal climate at high latitudes
with higher rainfall than in lower and middle latitudes
where `megamonsoons' are predicted. However, Kutzbach
& Gallimore's (1989) model suggests winter temperatures
of ÿ40 8C in the continental interiors rising to 0 8C in
summer, while Crowley et al. (1987) predict winter and
summer temperatures of ÿ30 8C and 5 8C, respectively.
Such temperatures would hardly have allowed vigorous
forest growth at those latitudes (Taylor & Taylor 1990),
although the plants described here were probably growing
in coastal swamps (Trusswell 1991) where temperatures
would have been higher, and the modellers had not
taken into account the ameliorating e¡ects of the large
inland bodies of water around which the animals lived
(Yemane 1993). Such paradoxes indicate both the value
of climate signals from Permian plants and the necessity
to integrate biological data into computer models
(Crowley 1994).

(b) Cuticular features
Recent work has concentrated on stomata (McElwain

& Chaloner 1995; Edwards et al. 1996), but Kerp (1996)
has emphasized the potential of additional features (e.g.
thickness, ornamentation) of the cuticles of Permian coni-
fers, hitherto most intensively studied as taxonomic
characters, for responses to climate change at the end of
the Palaeozoic glaciation and the emergence of Meso-
phytic vegetation.

(i) Stomata: monitors of atmospheric CO2
The consistently inverse relationship between atmo-

spheric CO2 concentration and stomatal frequences,
noted in experimental work on certain species and in
analyses of fossil and subfossil leaves, has led to the
hypothesis that change in atmospheric CO2 is the most
likely causal environmental factor in controlling stomatal
densities (Woodward 1987; Beerling 1994, this volume).
Here I concentrate on new, but preliminary data, on
stomata in the earliest land plants (table 1) that McElwain
& Chaloner (1995) have shown are present in the low
frequencies that might be anticipated from the modelled
exceedingly high CO2 concentrations for the Mid-Palaeo-
zoic (Berner 1994;Worsley et al. 1994; Mora et al. 1996).
Stomata are ¢rst recorded from the Upper Silurian

(Pridoli) in presumed tracheophytes of axial organization
bearing terminal sporangia, and, at least super¢cially,
resemble extant stomata. More detailed anatomical
studies from Early Devonian examples suggest similarities
with the stomata of mosses and ferns. The lack of records
from older Silurian axial and microphyllous megafossils
probably relates to form of preservation. However, where
detailed screening of large numbers of fragments of small
coali¢ed axes have been undertaken in Pridoli and Loch-
kovian strata, most lack stomata, and when present, they
occur as isolated examples or in pairs. This produces very
low densities. Higher frequencies with sometimes more
regular stomatal distribution occur at the junction
between the sporangium and the subtending axis and on
the sporangium wall itself (Edwards et al. 1996). Data
from excellently preserved Rhynie Chert plants are disap-
pointing. Examples of paradermal sections are few, and it
is both di¤cult and dangerous to isolate intact axes from
the silici¢ed matrix. Based on the drawings of Remy &
Hass (1991), and some new information from Hass that,
in total, would not survive statistical scrutiny, stomatal
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Figure 4. Plots from Permian Antarctic wood of radial diameter of cells across rings, and cumulative sum of deviations from the
mean radial diameter. J039 ring type (From Francis et al. 1994.)
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frequencies (table 1) are low except for the lycophyte Aster-
oxylonwhere stomata occur on leaf bases and stems, but are
quanti¢able only on the latter. Similarly higher frequencies
are recorded on the stems of the microphyllous Emsian
Drepanophycus spinaeformis (Gaspë: Canada), D. qujingensis
(Yunnan: China), and Baragwanathia abitibiensis (Ontario:
Canada) (table 2).
The record suggests that stomata evolved when CO2

concentrations (hence average global temperature) were
arguably at their highest in the Palaeozoic. Morphological,
anatomical, sedimentological, and edaphic evidence from
Silurian and Early Devonian axial fossils (a good
example of the s̀witch' habit (Edwards 1994)) suggests
that water stress was the major constraint to land coloniza-
tion (see, also, Gray 1984). Particularly striking are the
substomatal adaptations in Rhynie plants which minimize
the area of evapotranspiration below the guard cells, the
region where most water loss occurs in extant plants. For
example, in Aglaophyton, hypodermal cells extend below
the inner periclinal walls of the guard cells, forming a
narrow canal lined by thickened walls below the pore
(Remy & Hass 1996). Similar cradling produced by cuti-
nization of epidermal cells has been demonstrated in
coali¢ed axial fossils (Edwards & Axe 1992). Of those
plants with comparatively high stomatal frequences, Aster-
oxylon provides the earliest example of sunken stomata,
while Drepanophycus qujingensis has extensive cuticular
thickenings associated with the guard cells (Li &
Edwards 1995). Slightly sunken stomata are also seen in
Emsian Sawdonia ornata (Chaloner et al. 1978) where
frequencies are low (McElwain & Chaloner 1995).
Thus, in these exceedingly ancient examples of the

classical dilemma between transpiration and photo-
synthesis, it could be argued that high CO2 concentration
`permitted' the minimizing of numbers of stomata,
although the latter may have had an important role in the
generation of a transpiration stream (particularly to

reproductive regions) and increased uptake of mineral
nutrients in plants equipped only with rhizoids to absorb
water. Indeed, the higher frequency of stomata in Drepano-
phycus and Asteroxylon might re£ect their possession of
rooting systems for more e¤cient exploitation of greater
volumes of substrate, and hence more e¤cient replacement
of water loss than their greater surface areas for photo-
synthesis, or as Edwards et al. (1996) recently suggested
for Drepanophycus, their colonization of habitats with
persistently high water tables.
In an attempt to demonstrate that early tracheophytes

did indeed track the modelled reduction in CO2 in the
Devonian (Berner1992,1994,1997; McElwain & Chaloner
1995; Chaloner &McElwain 1997), stomatal densities were
calculated for the same species, Drepanophycus spinaeformis
(identi¢ed by epidermal characters and gross morphology)
from Lower, Middle and Upper Devonian localities in a
limited geographical area. Preliminary results on prepara-
tions made by Stubble¢eld & Banks (1978), with kind
permission from Professor Banks and Professor Niklas),
from Emsian, Givetian and Frasnian localities from north-
eastern North America indicate that average frequencies do
increase as predicted, but more preparations are required
for Lower and Upper Devonian localities to permit statis-
tical analyses.The available fragments were small, perhaps
accounting for the considerable variation between samples,
while incomplete preservation prevented calculations of
stomatal indices. The preliminary data also suggest an
increase in size of pore and stomatal apparatus between
Lower and Upper Devonian occurrences. Unfortunately,
examples of taxa extending throughout the Devonian are
rare: Sawdonia ornata (McElwain & Chaloner 1995: Lower
Devonian, 4.3mmÿ2) is also recorded in the Frasnian and,
provided that cuticles are recoverable, should allow further
testing of the hypothesis.
A similar approach using cuticles of the pteridosperm

Neuropteris ovata, recovered from Westphalian into
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Table 1. Stomatal frequencies in Silurian (S) and Lower Devonian (LD) plants

researcher age plant (n)
stomatal density
(range) (mmÿ2)

McElwain & Chaloner (1995) Pragian
Emsian

Aglaophyton
Sawdonia ornata

4.5
4.3

Li (1992) Emsian Hsu« a robusta 5
Stubble¢eld & Banks (1978) ? Drepanophycus spinaeformis 533
Li & Edwards (1995, unpublished data) Emsian Drepanophycus qujingensis (26) 11.1 (3.1^20.2)
Edwards (unpublished data) Lochkovian fragmentary unidenti¢ed sporangium

fragmentary indeterminate Devonian
axes (numerous)

7.3
2.5

Pridoli indeterminate Silurian axes
(numerous)

0^2.3

Edwards & Hass (work in progress)
Rhynie Chert plants

Pragian Aglaophyton
Nothia (3)
Rhynia (2)
Horneophyton (3)
Asteroxylon indeterminate
Asteroxylon (A) (4)
Asteroxylon (B) (1)
Langiophyton
Lyonophyton

1.0
5.5 (3.1^8.8)
1.8 (1.6^2.0)
3.1 (0.7^4.4)
10.4
21.5 (16.0^27.7)
31.5
0.4
3.2
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Stephanian localities from eastern Canada (Cleal 1997; C.
J. Cleal, R. James and E. L. Zodrow, unpublished
abstract), shows a pronounced decrease in stomatal
density in the very early Stephanian, coincident with the
major changes in tropical wetland vegetation (see ½5) and
a decrease in the extent and occurrence of glaciations
(¢gure 8: Frakes et al. 1992).

4. CLIMATE AND THE EARLIEST LAND PLANTS

The earliest direct evidence for embryophytes colo-
nizing the land consists of spores, thought to derive from
land plants because their resilient walls are assumed to
have been composed of sporopollenin (their distribution
in marine and £uvial facies making an acritarch origin
unlikely), and from embryophytes because of their con¢gura-
tion (particularly tetrads) and possibly their
ultrastructure. While spores themselves clearly do not
possess a climate signal, their geographic distribution in
the Ordovician and Early Silurian may provide some
insights into the climates experienced by the pioneering
colonizers (¢gure 5). The earliest records (dyads: Vavr-
dova 1988) occur on the palaeocontinent Gondwana
(table 3): as do those later in the Llanvirn from Arabia
(McClure 1988; Gray 1991; Strother et al. 1996). These
show almost as much diversity as is ever later encountered
(see legend to table 3). The exception is the ornamented
envelope that ¢rst appears in the Caradoc (see references
inWellman1996).The earliest records therefore come from
high palaeolatitudes and, in a palaeontological context, in
the cool Malvinoka¡ric Realm, but by Ashgill times they
had spread into Laurentia (the North Atlantic realm).
Indeed, Gray et al. (1992) considered that, based on
British and North American records, the appearance of
ornamentation was related to spread into warmer lati-
tudes, a hypothesis that does not ¢nd support in the
descriptions of sculptured envelopes in Gondwana by
Richardson (1988) andVavrdova (1982 et seq.).
Intuitively, and undoubtedly coloured by experience of

the current atypical ice-house Earth, excessively cold
temperatures, with concomitant harsh environmental
conditions, and physical disturbance are associated with
high latitudes. However, the time interval during which
the producers £ourished was one of very high postulated
CO2 concentrations (Berner 1992, 1994) and temperatures

(Worsley et al. 1994) when poles might be anticipated to
have been ice-free (¢gure 1). However, evidence for Gond-
wana glaciation from sediments is unequivocal. Analysis
of the distribution of such deposits indicates ice-sheets in
north and south Africa and the central Andes region
from the Late Ordovician, and glacio-marine deposits
further south in Brazil, Bolivia and northern Argentina
(Caputo & Crowell 1985). However, the exact timing and
duration of the glaciation remain contentious. Brenchley et
al.'s (1994) estimation of a very short period of glaciation
(0.5^1.0 Ma) in the Hirnantian based on bathymetric and
isotopic data con£icts with Frakes et al.'s (1992) estimate of
35 Ma extending from the Caradoc into the Wenlock,
which accommodates glaciation in the Early Silurian of
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Table 2. Preliminary results on stomatal frequencies in Drepanophycus spinaeformis based on preparations of Stubble¢eld &
Banks (1978)

locality age density (mmÿ2) range n pore length

Gaspë, Canada Emsian 16.6 (14.7^18.6) 2 27 mm
BrownMt, NYS Givetian 16.8 (15.3^19.1) 3 20 mm
Cairo, NYS Givetian 17.0* (10.8^30.4)*+ 14 27 mm
West Cave Mt, NYS Frasnian 18.2 (12.5^23.6) 5 41 mm
Prattsville, NYS Frasnian 23.5* (19.7^26.7) 7 38 mm

Other lycophytes
Asteroxylon mackiei (Pragian)� 16ÿ 32 mmÿ2

D. qujingensis (Emsian) � 3ÿ 20 mmÿ2

+Majority 10:8ÿ 21:32 mmÿ2, one� 30:42 mmÿ2:
*Similar stomatal index.

Figure 5. Distribution of spores on base map for late Ordovi-
cian (redrawn from Denham & Scotese 1987). This approach
(see also ¢gures 6 and 7) gives a general idea of the geogra-
phical distribution of localities, but cannot take into account
the postulated and quite extensive `polar wandering' during
the time intervals. Numbers refer to table 3.
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Brazil (Grahn & Caputo 1992). Models suggest that else-
where there was a rapid amelioration of global
temperatures (Worsley et al. 1994), resulting in a thermal
maximum during the Silurian (Berner 1994).
The Late Ordovician records from north Africa are

thus from an area known to have experienced glaciation
in the Ashgill (Hirnantian). The Bohemian Ashgill occur-
rences in the Lower Kosov Formation are particularly
informative in this respect because they are in rocks imme-
diately below glacio-marine deposits. Vavrdova (1988)
recorded increase in numbers of cryptospores in the
formation (from 0.5^80% of palynomorphs in 20 m of
shales) which she considered facies controlled and related
to rapid shallowing. Richardson (1996) tentatively corre-
lated this with decreasing temperature at the start of the
Late Ordovician and, because there were little di¡erences
in diversity between Ashgill and earliest Llandovery cryp-

tospore assemblages (see, also, Gray 1985), concluded that
the climate changes had little or no e¡ect on the cryptos-
pore producers, with the plants rapidly re-invading
previously glaciated areas, there being no direct evidence
for glaciation in Bohemia or surrounding areas.
Such persistence is consistent with inferences, based on

spore characteristics and absence of vegetative body
fossils, that the plants possessed the behavioural and
ecophysiological properties of bryophytes (Longton 1979;
Proctor 1979; Scott 1982; Smith 1982). Gray (1985) in
particular has advocated life styles similar to annual
shuttle and fugutive species of semi-arid and arid deserts,
both hot and cold, where survival relies on a variety of
strategies, e.g. poikilohydry, anhydrobiosis, opportunism,
telescoped life history (Bewley 1979; During 1979; Bischler
& Jovet-Ast 1981; Gray 1984, 1985), while the widespread
occurrences from the poles to the equator (Longton 1979)
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Table 3. Records of Ordovician and basal Silurian spore assemblages
(*Y, permanent tetrad indet; A, naked fused permanent tetrad; B, naked unfused permanent tetrad; C, permanent tetrad
enclosed within a laevigate envelope. D, permanent tetrad enclosed within a sculptured envelope; Z, permanent dyad
indet; E, naked fused permanent dyad; F, naked unfused permanent dyad; G, permanent dyad enclosed within a laevi-
gate envelope; H, permanent dyad enclosed within a sculptured envelope; I, naked alete monad. J, alete monad enclosed
within a laevigate envelope; K, alete monad enclosed within a sculptured envelope; L, Laevolancis-type monad.M, Ambi-
tisporites? vavrdovii (?monads torn apart from tetrad). * Naked, no envelope; fused, no super¢cial line between monads;
unfused, line present.)

age author geographic area Y A B C D Z E F G H I J K L M

1. Llanvirn Vavrdova 1984, 1990
Corna 1970

Bohemia ¾ ¾ ?

2. McClure 1988 Saudi Arabia ¾
Strother et al. 1996 Saudi Arabia � � � � � � �

3. Caradoc Richardson 1988 Southern Britain � � � � � � � � � � � �
Wellman 1996

4. Gray et al. 1982 Libya ¾ ¾
5. Ashgill Gray & Boucot 1972 Kentucky, USA � � �

Gray et al. 1982
Gray 1985, 1988
Gray 1988 Tennessee, USA ¾
Gray 1988 Georgia, USA ¾
Strother 1991 Illinois, USA �
Gray 1988 Ontario, Canada ¾

6. Burgess 1991 southern Britain � � � � � �
7. Vavrdova 1982, 1984,

1988, 1989
Bohemia � � � � � � � � ¾

8. Reitz & Heuse 1994 Germany � � � �
9. Steemans et al. 1996 Turkey � � � � � � � � � ¾
10. Richardson 1988 Libya � � ? � � � ¾
11. Gray et al. 1986 South Africa ¾
12. ?Ashgill Lakova et al. 1992 Bulgaria � � ¾ �
13. Foster &Williams

1991
Australia ¾

14. Rhuddanian Burgess 1991 southern Britain � � � � � � � � ¾
15. Richardson 1988 Libya � � � � � � � � � ¾
16. Miller & Eames 1982 New York State � � � �

Rhuddanian Johnson 1985 Pennsylvania � � � � � � � � � ¾
?Aeronian

17. Llandovery Bar & Riegel 1980 Ghana ¾
18. Gray et al. 1985 Brazil ¾ ¾ ¾
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of extant mosses and to a lesser extent liverworts (e.g.
Schuster 1984) today testify to their survival in a wide
range of habitats and climate. Particularly relevant here
are observations and experiments on polar bryophytes,
where they are highly signi¢cant components of ecosys-
tems in terms of cover and productivity, and colonize a
wide range of microhabitats (Longton 1988). The limited
height of bryophyte `turfs' contributes to reduction of
water stress by maintenance of higher humidity close to
the ground in the boundary layer; nevertheless, such mats
experience and tolerate far greater extremes of tempera-
ture than those measured by conventional meteorological
means (Longton 1988).
Documentation of the diverse physiological attributes of

polar bryophytes that allow colonization of severe envir-
onments is outside the scope of this paper, but as Longton
(1988) observed, such attributes are also present in tempe-
rate species and even tropical ones. Indeed, distribution of
bryophytes in the tropics is probably controlled more by
competition, and thus a lack of suitable habitats, rather
than by narrow tolerances. Endowing similar physiolo-
gical versatility and behavioural strategies to the
cryptospore producers would explain their widespread
occurrences in the Ordovician and Silurian, when they
are recorded at low latitudes. Then their local distribution
was presumably mainly controlled by abiotic physical
parameters, although competition from algal/cyanobac-
terial mats and possibly lichens cannot be discounted.
Towards the end of the Silurian they would have su¡ered
in competition from the increasingly tall tracheophytes
that had the capacity to persist and £ourish in the vegeta-
tive state even in water-stressed environments. The advent
of tracheophytes is marked by the presence of trilete spores
of Ambitisporites-type in dispersed assemblages.The earliest
generally accepted record is from the Aeronian (Late
Llandovery) of southern Britain (Burgess 1991). Trilete
spores in assemblages from Greenland (NÖhr-Hansen &
Koppelhus 1988) have been dismissed by Gray (1991),
while more recently described examples from the Ashgill
of Turkey may possibly represent monads torn apart from
a permanent tetrad (Steemans et al. 1996; C. Wellman,
personal communication). Trilete spores increased in
numbers and diversity (spore ornaments ¢rst appeared in
the Wenlock) throughout the Silurian, and from their
advent show a wide latitudinal range (¢gures 6 and 7).
The earliest megafossils of the plants known to have
produced such spores later in the Silurian and Devonian
occur in theWenlock of Ireland (Edwards et al. 1983) and
are widespread in low latitudes by the end of the Silurian.
Cooksonia in the ?Ludlow/Pridoli of Bolivia is the ¢rst
fertile record in high latitude (ca. 608 S) in Gondwana
(Morel et al. 1995), while sterile axes occur in abundance
at other horizons in the Kirusillas Formation, possibly
extending down to theWenlock (Toro et al. 1997). Thus, it
seems likely that the earliest embryophytes of `pterido-
phyte' aspect (direct anatomical evidence for
homoiohydry being ¢rst recorded in the latest Silurian)
were as geographically widespread as the cryptospore
producers, and hence had similarly broad climate toler-
ances while adopting di¡ering survival strategies. In this
case there is more evidence from body fossils that they
persisted in the vegetative state. Although nothing is
known of the longevity of individual plants or the time

taken to reach reproductive maturity (Gray 1985),
morphological and anatomical characteristics (i.e. small
size, high proportion of structural tissues, and axial archi-
tecture), rather than physiological ones probably
contributed to their greater tolerance of abiotic/physical
stress.

5. THE CARBONIFEROUS TROPICAL WETLANDS

Pioneering work on Carboniferous plants and climate
centred on recognition of its tropical aspect (for recent
summary see Chaloner & McElwain (1997)). This was
superseded ¢rst by detailed reconstruction of communities
associated with ecological partitioning within the low-
lying tropical wetlands (e.g. Phillips & Peppers 1984),
and more recently by attempts to relate changes in the
composition of such communities to the global climate
e¡ects imposed by glaciations in the Southern Hemisphere
(DiMichele & Phillips 1996a). They began in the
Namurian, reached a maximum late in the Westphalian,
at the end of which ice sheets began to wane in South
America, but persisted in eastern Gondwana until the
Kazanian (in Australia), a total period of ca. 60^70 Ma
(Crowell & Frakes 1975; Frakes et al. 1992; Francis et al.
1994). Eustatic changes in sea level (Heckel 1989) would
have impacted on tropical lowlands and, as Ziegler
(1990) has emphasized, glacial and interglacial changes
would have altered the position of the Intertropical Conver-
gence Zone with implications for equatorial air £ow and
hence distribution and periodicity of rainfall. As the prin-
cipal physical variables in the tropical mires and clastic
wetlands relate to rainfall, runo¡ and evaporation, it might
be anticipated that the major climatic oscillations of high
latitudes would be re£ected in vegetation in the low palaeo-
tropics. An unparalleled record based on spores,
compressions, and permineralizations (mainly coal balls)
has produced an excellent database throughout Euramerica,
such that we probably know more about the fate of tropical
vegetation during the climate oscillations of the Late
Palaeozoic Ice Age than that of the Pleistocene (DiMichele
et al. 1996).
The community approach pioneered in Britain by

Davies (1929), who recognized certain groupings of plants
in the Welsh Coal Measures, was developed by Scott
(1978). He interpreted similar groupings in terms of
depositional environments, distinguishing the vegetation
of the mires in swampy lowlands with persistently high
groundwater table and rainfall from that associated with
the rivers, lakes and deltas of the better drained £ood
plains (the wet clastic vegetation of DiMichele & Phillips
(1996b)). Detailed information on the composition of the
communities (table 4), their habitats, and ecological
preferences, and the subsequent documentation of £oristic
change as recorded in a seminal series of papers by Phillips
and associates, have allowed application of contemporary
ecological philosophy and methodology to the Carboni-
ferous as a prelude to interpreting causes of changes in
community dynamics (DiMichele & Phillips 1996b).
Within the mires of Euramerica they identi¢ed three
major associations circumscribed by the architecture of
dominant trees, their reproductive strategies, life histories,
and the abundance and diversity of ground cover. From
such data, plus associated mineral matter and fusain, and
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from proportions of roots and shoots, they inferred the
microhabitats of the associations in terms of substrate
wetness, nutrient status, and physical disturbance (see
table 4; Phillips & Peppers 1984; Phillips et al. 1985; Phil-
lips & DiMichele 1992; DiMichele & Phillips 1996a).With
the exception of marattialean ferns, these communities
remained of broadly the same composition throughout
the 9^10 Ma of theWestphalian, but with species turnover
on ècomorphic' themes, i.e. species replacement by those
with similar growth architecture and life history, a conse-
quence of the canalization between the major classes
established in the Late Devonian (see p. 2, DiMichele &
Phillips 1996b).
The lowland £oodplains, with their far greater hetero-

geneity of microhabitats and concomitant diversity, were
dominated by communities of pteridosperms or sphenop-
sids (in habitats characterized by physical disturbances)
with smaller numbers of lycopods, cordaites and ferns,
and again only marattialean ferns showed major changes
in dominance through time (e.g. Pfe¡erkorn & Thomson
1982).
The most detailed records, both temporal and spatial,

come from North America, but Phillips & Peppers (1984)
reported similar vegetation patterns across the palaeocon-
tinent from Oklahoma to the Ukraine with episodes of
more or less synchronous periods of change, at the West-
phalian A/B and the Westphalian^Stephanian boundary
(Phillips et al. 1974; Phillips & Peppers 1984). However, in
Europe, changes in the latter were time-transgressive from
west to east (e.g. recorded in the Early Stephanian in
Russia), with vegetation of typically Westphalian aspect
persisting in China until the Permian. These changes
were attributed to increased dryness, presumably resulting
from decreased rainfall and/or increased seasonality at the
equator, and initially linked to tectonic activity as the
collision of Euramerica with Gondwana produced
orographic barriers and rain shadows (Phillips & Peppers

1984). However, the Westphalian^Stephanian boundary
event, which resulted in major extinctions in tropical
wetland vegetation, coincided with the termination of
glaciation in most parts of Gondwana and inferred
narrowing of the Intertropical Convergence Zone, and
increased seasonality. Pfe¡erkorn & Thomson (1982)
showed quantitatively that changes in dominance patterns
involving the extinction of 50% of species (DiMichele &
Phillips 1996a) occurred earlier in the £oodplains (base of
Westphalian D), attributing this to greater sensitivity of
plants growing on well-drained soils to small changes in
the water table.
The end Westphalian extinctions, which involved in

total approximately two-thirds of mire species of North
America, included 90% of the arborescent species and
virtually all fern vines, although pteridosperm climbers
survived (table 5). The greatest impact was su¡ered by
the more highly physiologically and reproductively
adapted edaphic specialists, with the less hydrophyllic
taxa such as certain species of Sigillaria persisting locally
in the Stephanian. Indeed in the Early Permian (Rotlie-
gend) of Europe and North America, there remained
only one tree-like lycopsid, S. brardii. This species was
characterized by broad ecological tolerances but always
grew in humid environments. The tree lycopod commu-
nities with their complex hierarchical dominance were
replaced by those with less temporal and spatial
complexity. Tree ferns, and to a lesser extent pteridos-
perms, were the opportunist survivors from groups
narrowly distributed in the Westphalian. The commonest
trees, viz. Psaronius species, were larger than Westphalian
ones and probably longer-lived, and while fewer of the
mire niches were colonized than earlier, marsh vegetation
dominated by the lycopod Chaloneria (a `pole' plant ca. 1 m
high) £ourished alongside the tree communities of ferns
and, more rarely, pteridosperms and cordaites. The new
wetland biome was quite distinct from that of the
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Figure 6. Distribution of plant assemblages in the Silurian
(redrawn from Denham & Scotese 1987).

Figure 7. Distribution of plant assemblages in the Late
Silurian^Early Devonian (redrawn from Denham & Scotese
1987).
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presumed drier hinterland, which was dominated by coni-
fers and pteridosperms (DiMichele & Aronson 1992),
many of which were also present in the Westphalian.
However, in post-Carboniferous times many of the taxa,
and particularly those with xeromorphic adaptations that
originated in the `moisture-limited' habitats of areas
marginal to the lowlands, migrated into the lowlands
when they became seasonally dry. Such plants subse-
quently formed the ancestral pool for the vegetation of
the Mesozoic wetlands (DiMichele & Aronson 1992) and
included members of the Cycadales, Ginkgoales and Coni-
ferales. These would appear to be excellent examples of
climate-driven change in vegetationödrying ¢rst elimi-

nated wetland assemblages, which were then replaced by
pre-adapted stocks from marginal lowlands (Knoll 1984);
however, the incompleteness of the rock record and
tectonic complications urge caution in accepting this
simplistic casual relationship (Cleal 1991). There are very
few continuous successions through the Westphalian^
Stephanian transition, largely because the sediments were
deposited in quite di¡erent settings. The Westphalian is
known chie£y from paralic basins and the Stephanian,
intermontane, thus complicating direct comparison of
plant assemblages. In addition, erosion of the Variscan
mountain chains resulting from the collision of the
Gondwanan and Laurussian continental plates towards
the end of the Westphalian, would have produced much
coarser, more freely draining substrates in comparison
with the swampy conditions in which peat had accumu-
lated. Finally, the new mountain chains would have
impacted on climate via changes in atmospheric circula-
tion patterns and, particularly important for the wetland
biomes, changes in atmospheric humidity (see p. 13 for
Permian similarities).
The earliest drier phase at the Westphalian A/B

boundary had major consequences for mire vegetation. A
decline in the high level of lycopod dominance (except for
an occasional marked increase of Lepidophloios harcourtii)
was accompanied by a major expansion of cordaites, with
pteridosperms and tree ferns all lacking the abundant
aerating tissues of the wetland taxa as subdominants, and
by an increase in herbaceous lycophytes (e.g. Polysporia),
suggestive of development of marshlands. The ferns, in
particular, are considered able to have exploited the
climatic £uctuations consistent with an erratic monsoonal
circulation with the Lepidophloios marking intervals in
£ooding. Further indications of drying come from the low
shoot to root ratio in coal balls, and the abundant fusain
indicative of wild ¢res.
Apart from these drying phases (¢gure 8), the persis-

tence of vegetation composition and landscapes in the
tropical lowlands for most of the Westphalian may seem
inconsistent with the existence of repeated high-latitude
glacial cycles of an ice age, and leads to the possibility
that there were no repercussions for tropical vegetation
(DiMichele et al. 1996). However, peat formation was not
continuous. A period of cyclothems (limestones � clastics^
peat) in the coal measures was roughly consistent with the
glaciations in Gondwana, and allows the hypothesis that
repeated £ooding relating to interglacials could be
glacially driven (Heckel 1989), although it is clearly di¤-
cult to distinguish between such eustatic changes in sea
level and local sedimentation dynamics. Late Carboni-
ferous (Westphalian^Stephanian) coal basins of north-
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Table 4. Carboniferous mire vegetation data based on
DiMichele & Phillips (1996a)

mire vegetation

assemblage 1
dominant taxon: Lepidophloios hallii: monocarpic

(? aquacarpic) lycopsid
veg. characteristics: Low biomass and low diversity in

ground cover, vines, understorey
Psaronius, if present very minor
and decline if Lepidophloios470%
biomass; low Calamites

habitat inference: Extended periods of standing
waterö£ooded peat surfaces/i.e.
wettest mires

assemblage 2
dominant taxa: Diaphorodendron scleroticum or

Sigillaria sp: polycarpic lycopsids
veg. characteristics: Variable composition.High

biomass but low diversity in
ground cover. Understorey trees
and shrubs. Psaronius, 5^15%
biomass. Highest Calamites

habitat inference: Wet peat, occasional £ooding,
minor physical disturbance and
¢re

assemblage 3
dominant taxa: Paralycopodites brevifolius: small

polycarpic lycopsid.
Medullosan pteridosperms
(cordaites fromWestphalian B)

veg. characteristics: Highest diversity in ground cover,
intermediate Calamites,
abundant Psaronius

habitat inference: High mineral content, ¢re prone
(from abundant charcoal),
transitional between peats and
clastic wetland

Table 5. Extinction, survivorship and origin of species based on coal-ball data1(from DiMichele & Phillips 1996a), spore-pollen
data2 (from Peppers 1985) and clastic compressions3 (from Gillespie & Pfe¡erkorn 1979)

LateWestphalian
W/S

Early Stephanian

total extinction Persistence total origination

trees1 30 26 (86.7%) 4 (13.3%) 17 13 (76.5%)
ground cover1 vines and shrubs 18 6 (33.3%) 12 (66.6%) 25 13 (52%)
spore/pollen2 43 19 (44.2%) 24 (55.8%) 26 2 (7.7%)
compressions3 18 9 (50%) 9 (50%) 10 1 (10%)
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west Central Europe developed initially (probably in
Namurian times) as equatorial wetland paralic basins
along the southern margin of Laurussia in front of the
northward-propagating Variscan fold belt. The early
phases of deformation and nappe emplacement involved
in the suturing of Gondwana and Laurussia led to litho-
spheric £exuring and the production of a foredeep, acting
as a more or less continuous shallow foreland basin north
of the advancing orogen. Pre-Westphalian D sedimenta-
tion was largely from the foreland, but increasingly the
depocentres were in-¢lled by clastic material derived
from the orogenic wedge, ¢rst dividing the original more
extensive region into smaller, isolated, shallowing upward
successor basins. DiMichele et al. (1996) thus chose to
study late Desmoinesian sediments (Late Westphalian D
is equivalent to maximum glaciation in the North and
South Hemispheres; Frakes et al. 1992) in the Illinois
basin, whose physical setting suggested that climate and
sea-level £uctuations produced a major impact on sedi-
mentary pattern. Here successive coal seams were
separated by intervals of ca.100 000 years of fresh water
and marine clastics and limestones, with evidence for
deposition close to the shore rather than on £oodplains.
They showed that species persisted in communities exhi-
biting the same dominance, diversity, and architecture for
an estimated average period of 1.0^1.5 Ma, recolonizing

areas when conditions for peat formation returned.
Comparisons with events in the Tertiary and Pleistocene
produced three possible explanations for such persistence
in the face of environmental change: (i) vegetation was
repeatedly disrupted and then reassembled in similar
habitats, but with assemblages in drier lowland areas
between peat-forming episodes being quite di¡erent; (ii)
vegetation was able to migrate regionally into other
basins protected from the e¡ects of climate changes; and
(iii) vegetation persisted intact in isolated refugia outside
the lowland preservational areas.
DiMichele & Phillips (1996b) favoured a combination of

explanations (ii) and (iii), noting that the species persis-
tence of this relatively short time (1^1.5 Ma) contrasted
with the situation for the entire Westphalian when over
ten million years the structural aspects of communities
remained the same, but there was almost complete
species turnover, albeit involving ècomorphic replacement
by close relatives' (p. 89, DiMichele & Phillips 1996b).

6. THE PERMIAN TRANSITION

Continued northward drift of Pangaea involved Stepha-
nian^Lower Permian wrench faulting, which produced a
number of intramontane basins across the former hinter-
land and caused fragmentation of the wetland zone.
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Figure 8. Percentage volume of plants forming peat (column 2), wetness^dryness curve (column 3), and number of records of
glacial deposits (column 4) during the Upper Carboniferous, assembled from Phillips et al. (1985) and Frakes et al. (1992).
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Changes in topography and drainage again drastically
reduced the number of habitats available to the mire
plants (particularly the arborescent lycopods that
comprise the most conservative of communities), and asso-
ciated changes in sedimentation patterns produced new
edaphic conditions, e.g. an increase in the production of
sandy soils. Red bed £uvial/alluvial plain sediments
became extensively developed in some regions (Kerp
1996). In addition, the newly formed mountain chains
may have altered atmospheric circulation patterns
(Rowley et al. 1985) and, from observed changes in major
vegetation types from wetland communities to the meso-
phytes and xerophytes earlier associated with the
uplands, atmospheric humidity. Considering the plant
record during this interval, in Europe at least, interpreta-
tion of data from the Upper Stephanian and Lower
Permian is frustrated by imprecise correlation between
small basins, stratigraphic hiatuses, and facies biases of
certain taxa. During the Stephanian however, the coni-
fers became more abundant and callipterid
pteridosperms diversi¢ed. These trends continued into
the Rotliegend (Lower Permian) with increasing
numbers of plants adapted to drier conditions, although
peat-forming communities still persisted and dominate
concepts of Lower Rotliegend vegetation (e.g. Barthel
1976).
In contrast, in the Late Permian Zechstein, meso- and

xerophilous vegetation types dominated, marked by a
proliferation of gymnosperms (particularly conifers and
to a lesser extent pteridosperms), with adaptations typical
of a warm and dry climate. Such di¡erences in assemblage
have led to the concept of a Palaeophytic^Mesophytic
boundary within the Permian (e.g. Gothan & Weyland
1954) and one which might be related to the cessation of
glaciations in Gondwana (IV in ¢gure 1). However, as
Kerp (1996) has observed, such a boundary is based more
on incomplete knowledge rather than on hard facts.
Radiometric and palaeomagnetic dating suggests that for
the Permian in most of Europe, only the lowermost and
very uppermost parts are present, and where there is
believed to have been more continuous sedimentation
(e.g. the Fore-Urals) a gradual development of £oras is
seen. Indeed, more recent research has also demonstrated
similarities in walchiaceans and callipterids between
Lower and Upper Permian assemblages (see references in
Kerp 1996).

7. CONCLUSIONS

From the above, it becomes obvious that at the present
time there are very few quantitative signals of climate in
individual plants that we are capable of exploiting, with
growth rings supplying the best evidence to date. Stomatal
frequencies have been shown to have potential in tracing
£uctuations in atmospheric CO2, although interpretation
of the data for the earliest land plants is clouded by their
many anatomical adaptations to increase water use e¤-
ciency in their pioneering attempts to colonize the
subaerial environment. Their archetypal switch habit
provides little scope for morphological adaptations. In
considering vegetation rather than individual plants, the
Carboniferous tropical lowland studies provide an excel-
lent example of how detailed descriptions of communities

and their ecological preferences, even where there are no
close extant relatives, can be used in disentangling causal
relationships for changes at the regional level, while
similar approaches for the Permian are in their infancy.
Interpretation would be greatly facilitated by detailed
integrated information on climate itself from geological
data (e.g. Boucot & Gray 1982) and from computer
modelling (e.g. Valdes 1993), which is proving so
rewarding for the Mesozoic and later.

I thank L. Axe, M. G. Bassett, C. Berry, A. Boucot, G. Creber,W.
A. DiMichele, J. Francis, J. Gray, H. Kerp, C. Powell and C.
Wellman for advice and assistance in the preparation of this
paper.
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Discussion
A. C. SCOTT (Department of Geology, Royal Holloway, Univer-
sity of London, UK). You talked about the general lack of
growth rings in Devonian woods, but their clear presence
in Permian Glossopterid woods from Antarctica, and
commented on the possibility that the lack of rings in the
older woods may either relate to their latitudinal position,
or the plants' being unable to produce rings. Growth rings
in Lower Carboniferous wood can be seen in charcoal

fragments from the equatorial Lower Carboniferous and
can be useful, therefore, in not only yielding data on
seasonality but also on ¢res and ¢re ecology, a climate-
related feature. (Scott et al. 1996; Falcon-Lang 1997).

Scott, A. C., Meyer-Berthaud, B., Galtier, J., Rex, G. M.,
Brindley, S. & Clayton, G. 1986 Studies on a new Lower
Carboniferous £ora from Kingswood near Pettycur, Scotland:
preliminary report. Rev. Palaeobot. Palynol. 48, 161^180.
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