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and structure are seen most clearly. Long-term trends in 
landscape, habitat, and species composition must.be ex­
amined among coals. Each can be evaluated indepen­
dently, or the relationships among them can be investi­
gated. For example: Is the timing of change similar at all 
levels of observation? Are there relationships among lev­
els of organization that are detectable only on the longer 
time scales? Do events or changes at one level appear to 
dictate or constrain those at other levels? 

Climatic change is often brought about by geological 
phenomena that develop over millions of years, such as 
the movement of continental plates, the elevation of mountain 
ranges, or the waxing and waning of ice sheets and associ­
ated eustatic sea-level fluctuations. It is extremely diffi­
cult to correlate such events, which have their own consid­
erable margins of error, with specific changes in community 
composition. Broadly based correlations can be devel­
oped, however, and there is great likelihood that wide­
spread biotic changes are the consequence of events of 
global or at least regional scale. Thus, the long-term 
analysis of swamp patterns is a scale at which such phe­
nomena can be examined. Certainly, glacial eustatic and 
climatic effects occur at time scales approximately the 
same as those over which we believe coal seams accumu­
lated. However, the peat accumulation may have required 
a relatively narrow range of conditions, such that coal 
seams occur between the "events," which may mark their 
beginnings and ends. Consequently, it is only on the 
interseam level of observation that we can make a case for 
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the climatic changes that affected the dynamics observable 
at lower levels. 

Coal-Swamp Species and Ecomorphs 

Well over 100 whole-plant species have been identified 
in coal balls from the upper Carboniferous of Europe and 
United States, across a time span of 12 to 15 m.y. Most of 
these can be assigned broadly to several ecomorphic groups, 
based on their habit, reproductive morphology, and life 
history attributes (Figure 8.4). The ecomorphic groups. 
particularly trees, conform fairly strictly to taxonomic groups 
or clades, that is, to groups of closely related taxa, which 
is the basic pattern of the Carboniferous. Much of what 
we know of evolution based on studies of modem plants 
and animals suggests that this should not be the case; 
ecological overlap between groups of plants with different 
ancestries is the rule in modem forests. It was not an 
expected result when we began to look for ecomorphic 
patterns among coal-swamp plants. The explanation for 
this pattern may lie partly in the ecological structure of the 
Carboniferous world, including the origin of that pattern. 

Habits of the major ecomorphic tree groups are illus­
trated in Figure 8.4. Ecomorphic determination is based 
mainly on critical life history attributes: timing of repro­
duction; approximate reproductive output; morphology of, 
and energy investment in, disseminules; and dispersibility 
of disseminules. Habit and vegetative morphology also 
are important: size at maturity; adult shape; growth habit 

FIGURE 8.4 Major tree ecomorphs in Late Carboniferous coal swamps. Left to right: Mature monocarpic lycopsid about 20 m in 
height; juvenile lycopsid; polycarpic lycopsid (these came in a wide range of sizes); medullosan pteridosperm (seed fern); small 
Psaronius typical of Westphalian swamps; large Psaronius typical of the latest Westphalian and Stephanian; cordaite reconstructed as 
possible mangrove; scrambling cordaite; large arboreous cordaite; sphenopsids illustrating clonal habit. 
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(tree, vine, shrub, ground cover); degree of xeromorphy; 
and expense of construction. The latter two are compara­
tive, and hence relative, depending on the spectrum of 
morphologies present in Carboniferous swamps. 

Major Intraswamp Habitats 

Habitats within a peat-forming swamp are all highly 
modified from extraswamp analogues by the presence of 
the predominantly organic substrate. The edaphic quali­
ties of this substrate are variable, and these variations 
define many of the intraswamp habitats. 

Flooded habitats are recognized mainly on biotic or 
ecomorphic criteria: low species richness, little ground 
cover, few free-sporing plants (which need an exposed 
substrate to complete their life cycle), and dominance by 
plants with specialized semiaquatic or flood-tolerant mor­
phologies. Such habitats also are relatively low in char­
coal. Lycopsids were the most common elements of these 
environments in the Westphalian. 

Peat-to-clastic ecotonal habitats cover a wide range of 
conditions, recognizable mainly on physical criteria, al­
though they encompass plants with corroborative life his­
tory strategies. There are several variants. Peat-to-mud 
transitional environments are associated with underclays, 
clastic partings, or usually high ash and mineral matter in 
coal; they are populated in the Westphalian by a small 
arboreous lycopsid (Paralycopodites), and often by 
medullosan seed ferns. Fire-prone habitats are associated 
with elevated levels of fusain and often with increased 
clastic material; the most common components of these 
environments are medullosan pteridosperms, sphenopsids, 
and in some cases, small, scrambling cordaitean gymno­
sperms. Habitats with long periods of exposure and pre­
sumed drying of the peat surface are characterized by 
heavily rotted and rerooted peats, often with evidence of 
extensive invertebrate burrowing; such environments are 
associated with larger cordaites, some sigillarian lycopsids, 
and medullosan pteridosperms. 

Cryptic, or irregular disturbance, habitats are recogniz­
able by physical and ecomorphic attributes. They gener­
ally have little fusain or mineral matter. Evidence from an 
unusual buried forest deposit (Wnuk and Pfefferkorn, 1987), 
drawn from species compositional similarities, suggests 
irregular floods. In some swamps, storms associated with 
the influx of marine waters may have been a major distur­
bance agent, suggested by multiple coal-ball and coal lay­
ers containing marine invertebrates. Such habitats are 
generally dominated by polycarpic, long-lived trees,lycopsids 
in the Westphalian, and possibly tree ferns in the Stephanian. 
Species richness is intermediate, growth architectures of­
ten are very variable among the subdominants, and a 
groundcover component is generally important. 
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PA'ITERNS OF CHANGE IN COAL-SWAMP 
COMMUNITIES DURING THE PENNSYLVANIAN 
PERIOD 

Objectives 

In this section we focus on the temporal patterns of 
change in coal swamps. This pattern is examined fust at 
the landscape level-changes that are the easiest to de­
scribe and thus to relate to larger questions of environmen­
tal influence. The timing and extent of landscape-level 
changes is compared with patterns in habitat and species 
composition of successive swamps. We examine the rela­
tive timing and extent of change in these elements, and the 
relationship between species turnover and habitat persis­
tence. We then argue that these relationships suggest a 
hierarchical structure in which biotic factors influence patterns 
of species replacement. 

Changes at the Landscape Level 

Change in the relative abundance of the major plant 
groups comprising swamp communities is the major, and 
simplest, indicator of community change and has been 
discussed elsewhere (Phillips and Peppers, 1984; Phillips 
et al., 1985). Because the major plant groups (lycopsids, 
ferns, pteridosperms, sphenopsids, cordaites) are broadly 
distinct in habitat preference, chanles in their relative 
abundances also reflect changes in the physical character­
istics of swamps. Figure 8.S summarizes the changes by 
leographic region, with the general pattern summarized in 
the right-hand column. 

Biomass distribution is spread among enough major 
tree groups, and the patterns are sufficiently distinct, that 
some important generalities can be resolved at this level. 
We use mostly western European chronostratigraphic ter­
minology because that of the United States varies widely 
among geographic regions. 

1. Lycopsids, of several ecomorphic forms, dominate 
most coal swamps for the 9 m.y. (using the Hess and 
Lippolt, 1986, time scale) of the Westphalian (late early 
and middle Pennsylvanian). Major extinctions in North 
America occurred near the Westphalian-Stephanian (middle­
upper Pennsylvanian) boundary, eliminating most of the 
lepidodendrids and removing the lycopsids from a posi­
tion of ecological dominance in swamps (Phillips et aL, 
1974). 

2. Cordaitean gymnosperms are the major subdomi­
nants or dominants during the midportion of this time 
interval, from the Westphalian B to the early Westphalian 
D. Two distinct phases are represented. During the 
Westphalian Band C, cordaitean taxa that produced 
Mitrospermum-type seeds (ovules) were the most common 
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coals. Summary at right 
includes coals from west­
ern Europe (labeled with 
an asterisk). 

CORDAlTES1 SEED FERN 
LYCOPODS, SPtiEHpPSIDS r rFERNS 

20 40 100 
PERCENT BIOVOLUME 

forms. During the late Westphalian C and early Westphalian 
D the most abundant cordaites produced Cardiocarpus­
type seeds; these may have had a more shrubby or scram­
bling habit than earlier coal-swamp forms (Cridland. 1964; 
Costanza. 1985). 

3. Tree ferns replace lycopsids as the ecological domi­
nants of the Stephanian (Late Pennsylvanian). Tree fern 
abundances begin to rise during the Westphalian C. and 
especially during the Westphalian D. However. system­
atic studies suggest that largely different suites of Psaronius 
species and ecomorphs occupied Westphalian and Stephanian 
swamps (Lesnikowska. 1989). 

4. Pteridosperms (seed ferns) fluctuate in abundance 
during the Westphalian. but attain uniformly higher and 
less variable abundances in the Stephanian. Studies of 
seed morphology (Taylor. 1965) suggest substantial spe­
cies turnover at the Westphalian-Stephanian boundary. 

5. Sphenopsids are present in coal swamps throughout 
the Late Carboniferous. but generally at low levels. Pa­
lynology suggests local times and regions of abundance 
(Peppers. 1979). 

The existence of breakpoints. marked by minor to ma­
jor extinctions of swamp-centered lineages. is one of the 
most conspicuous aspects of this data summary. These 
breakpoints also are associated with landscape-level changes 
in dominance-diversity patterns (e.g .• the rise and decline 
of cordaites. and the dramatic expansion of tree ferns). 

~I 

Palynological analyses (peppers. 1979; Phillips et al .• 1985) 
reveal the same basic patterns as the coarser megafossil 
data and point particularly to the Westphalian A-B bound­
ary and the Westphalian-Stephanian boundary as times of 
major species turnover (peppers. 1979; Phillips et al .• 1974). 
The patterns at this level led us to suggest a typological 
classification of coal swamps some time ago (DiMichele 
and Phillips. 1981). This classification was based on the 
premise that there were periods of little change in domi­
nance and diversity from one coal swamp to the next in 
stratigraphic sequence-periods of persistence-punctu­
ated by much shorter time intervals of abrupt vegetational 
change. Our original formulation was based on a smaller 
data base. but the basic pattern has remained as further 
data have accrued. 

In order to evaluate this pattern more formally we have 
used some statistical methods to examine the data for 
floristic breakpoints (Figure 8.6). Jaccard coefficients and 
sign tests were used to assess similarity based on species 
presence or absence; through inspection we examined the 
data for points of low similarity. Although these are weak 
tests. used on the weakest manifestation of the data (pres­
ence-absence of species). they strongly corroborate the 
breakpoints at the Westphalian A-B boundary and at the 
Westphalian/Stephanian boundary. They support less 
strongly the presence of breakpoints at other boundaries 
where proportions of dominant tree taxa shift but are ass0-

ciated with few extinctions. 
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FIGURE 8.6 Quantitative usessment of landscape-level pat­
terns of change through the Westphalian and Stephanian. Dotted 
lines mark breakpoints in coal bed average vegetational compo­
sition; breakpoints were detennined by inspection and statistical 
analysis. Jaccard similarity wu calculated for adjacent coal. 
Sign tests are listed where significant differences were found 
between adjacent coals. 

A more intuitive, or subtle, way to analyze landscape­
level vegetational patterns is to use ordinations of zones or 
coals balls to examine the structure within individual coals. 
Patterns within successive coals then can be compared. 
Ordinations cluster the stands, be those stands individual 
coal balls or zones of coal balls from profiles. based on 
their quantitative taxonomic similarity. In two or three 
dimensions they serve as base maps on which additional 
information can be superimposed: for example. life his­
tory occurrences. diversity, physical attributes associated 
with assemblages. and ecomorphic characteristics. Ordi­
nations thus serve as a transition between landscape-level 
and habitat-level patterns in that they illustrate the biotic 
and physical variability of the landscape in detail. 
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Because of the nature of this review. only selected coals 
can be illustrated to show the basic patterns of vegeta­
tional. landscape-level changes through time (Figure 8.7). 
The nature of landscape changes detected in ordination 
again corroborates the pattern detected at the level of av­
erage coal seam composition: change in swamp organiza­
tion at the Westphalian A-B boundary. minor changes 
between the Westphalian B and early Westphalian D. sub­
stantial restructuring during the early Westphalian D. and 
total overhaul of swamp community organization near the 
Westphalian-Stephanian (middle-upper Pennsylvanian) 
boundary. 

Changes in the Habitat Composition 
of Landscapes 

Ordination patterns reveal how the species assemblages 
oflandscapes changed during the Late Carboniferous. During 
this time there is a close correlation between physical 
attributes of swamps and species assemblages. particularly 
in the Westphalian. Because physical attributes of swamps. 
such as fusain or mineral matter. can be mapped onto 
ordinations. as can taphonomic. life history. and structural 
patterns. it is possible to translate ordinations based on 
taxa into maps of habitat diversity. This permits us to 
infer patterns of habitat change through time. 

Westphalian A swamps had complex habitat organiza­
tion. harboring a variety of taxa with different physical 
preferences. The Union Seam of England (Figure 8.7) had 
four basic assemblages--each. we believe. characteristic 
of a distinct subset of swamp environments: assemblages 
dominated by monocarpic lycopsids (Lepidophloios 
harcourtii or Lepidodendron hiclcii). growing in areas with 
long periods of standing water sufficient to reduce the 
abundance and diversity of ground cover and free-sporing 
plants; ecotonal assemblages (Paralycopodites and 
medullosan seed ferns) enriched in fusain. and eco­
morphically distinct (no data exist on their position within 
the seam); cryptic disturbance habitats dominated by 
polycarpic lycopsids (Diaphorodendron vasculare and 
Sigillaria spp.). with a diversity of growth architectures. 
including abundant ground cover; Lyginopteris assemblages 
for which the physical attributes are unclear. but which 
overlap to some extent with Diaphorodendron vasculare­
dominated assemblages and may have been part of the 
broader cryptic disturbance set of environments. Other 
Namurian and Westphalian A swamps offer variations on 
these themes (Holmes and Fairon-Demaret. 1984; Bertram. 
1989). 

The transition from the Westphalian A to the Westphalian 
B was marked by changes in the dominance-diversity com­
position of swamps. The patterns that appeared persisted 
through the Westphalian B and C. and into the early 
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FIGURE 8.7 Detrended correspondence analysis ordinations of six Westphalian swamps. Oldest to YOUlllest in stratigraphic order: 
Union seam (Westphalian A); Rock Springs coal (Westphalian C); Murphysboro equivalent coal (early Westphalian D); Fleming coal 
(early Westphalian D); Bevier coal (early Westphalian D); combined ordination of Iron Post, Springfield, and Herrin coals (late 
Westphalian D). VS = based on vertical profiles of coal baUs; each point represents one zone from a profile. RS = based on random 
samples of profiles; each point represents one coal ball. 
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Westphalian D. The most notable changes were the ex­
tinction of Lyginopteris and the increase in the abundance 
of cordaitean gymnosperms. The cause of the extinction 
of Lyginopteris is not clear; the genus disappeared both in 
coal swamps and in surrounding clastic lowland settings 
of Euramerica. 

Post-Westphalian A swamps not only lacked Lyginopteris 
but differed in other major aspects from swamps of the 
Westphalian A. In general, there was a decline in the 
habitat diversity of anyone coal swamp, with the habitats 
present representing a subset of those in the Westphalian 
A, complemented by the addition of cordaitean-dominated 
assemblages. Cordaites appeared initially in ecotonal as­
semblages characterized by heavily rotted peats and abun­
dant fusain, sometimes associated with medullosans, ulti­
mately becoming a locally dominant component of some 
swamps (Phillips et al., 1985). Later in the interval, in the 
late Westphalian C and early Westphalian D, opportunistic 
cordaites and tree ferns began to expand in importance. 
The tree ferns transcended habitats, appearing in ecotonal 
assemblages in numbers following one of the minor 
breakpoints, becoming interstitial opportunists by the early 
Westphalian D, and eventually occurring in all but persis­
tently flooded assemblages during the Westphalian. 

Despite the breakup of Westphalian A patterns of land­
scape organization, the basic habitats of the earlier time 
are recognizable in Westphalian B to early Westphalian D 
swamps. The persistent habitats, recognizable by the physi­
cal, taphonomic, and structural attributes (as discussed 
earlier), retained their ecomorphic character, although the 
component species were largely different. Anyone of the 
several possible habitats may have been either absent from 
a given coal, or present in such low frequency that it was 
not sampled, including those characterized by cordaitean 
dominance. Various combination of habitats thus appear 
throughout the interval (Figure 8.8). 

Late Westphalian D coal swamps represent a return to 
the basic habitat organization characteristic of the 
Westphalian A: flooded habitats dominated by monocarpic 
lycopsids, ecotonal habitats dominated by the lycopsid 
Paralycopodites and medullosans, and cryptic disturbance 
habitats dominated by polycarpic lycopsids with structur­
ally complex vegetation. Cordaiteans disappeared as an 
ecologically significant component, associated with the 
extinctions of several numerically important species. The 
reassembly of the Westphalian A type of swamp habitat 
organization is modified by the persistence and further 
expansion of tree fems as interstitial opportunists. Identi­
fiably opportunistic species equivalent to the tree ferns 
were rare in Westphalian A swamps. Psaronius expansion 
in coal swamps correlates with a similar expansion in 
lowland wetlands in general (Pfefferkorn and Thomson, 
I 982). 
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FIGURE 8.8 Patterns of change in pbysically determined habi­
tats through time. Habitat characteristics discussed in text. Dotted 
lines are breakpoints determined by inspection and statistical 
analysis. MONO = habitats dominated by monocarpic lycopsids; 
POLY = habitats dominated by polycarpic lycopsids; BCOTONE 
= habitats dominated by medullosans and/or Paralycopoditer, 
CRD l/CRD2 = variants on ecotonal habitats enriched in or domi­
nated by cordaitean gymnosperms; TREE FERN = designates the 
occurrence of significant amounts of tree ferns as interstitial 
elements in other associations. 

The habitats of the late Westphalian D each have an 
ecomorphic character that had persisted throughout the 9 
m.y. of the Westphalian. This character persisted through 
landscape-level breakpoint boundaries, despite species-level 
changes within the habitats. In relatively few instances, 
the same species can be identified within these habitats 
over the entire 9-m.y. period. Species replacements within 
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habitats were largely on ecomorphic themes, especially 
for trees. The pattern suggests that landscape-level pat­
terns of persistence and change are driven fundamentally 
by changes in the proportions of the basic habitats repre­
sented, not by species-level turnover, which occurred largely 
within habitats during the Westphalian. 

Major extinctions of coal-swamp plants occurred dur­
ing the Westphalian-Stephanian transition. These were 
fll"St recognized in miospore studies as the loss of the 
major Lycospora-producing lepidodendrids (Phillips et al., 
1974). Recent systematic studies of the tree ferns 
(Lesnikowska, 1989) revealed a nearly complete extinc­
tion of species in this group in North America at the end of 
the Westphalian; Stephanian swamps presumably were 
recolonized from surrounding lowlands, where major ex­
tinctions probably also occurred, given that there is lim­
ited overlap between Westphalian and Stephanian species 
(e.g., Corsin, 1951; Remy and Remy, 1977). Examination 
of the literature on pteridosperms (e.g., Taylor, 1965; 
Rothwell, 1981; Pigg, 1987) and small ferns (e.g., Phillips, 
1974) suggests substantial species level turnover in the 
coal-swamp members of these groups as well. 

In North America this was the fint Pennsylvanian ex­
tinction to eliminate whole ecomorphic groups of trees 
entirely. It was these trees that defined the biotic or 
ecomorphic aspect of most intraswamp habitats. They· 
also defined the biotic limits to habitat space, that is, the 
nature of the biotic partitioning of the habitat' resources. 
Thus, with this extinction, the fabric of Westphalian swamp 
communities-the persistent ecomorphic organization of 
several specific physical habitats-was destroyed. 

Stephanian swamps were reorganized into a different 
set of norms of reaction between the plants and the physi­
cal environment. We do not fully understand these at 
present, in part because vertical profile analysis of Stephanian 
coal swamps has begun only recently. The swamps did 
become heavily tree fern dominated and thus generally 
more like the surrounding clastic lowlands. Tree fern­
dominated areas may have had a great deal of local spatial 
heterogeneity, with cordaites, sphenopsids, and pteridosperms 
liberally intermixed (Willard and Phillips, 1993). The 
lycopsids Sigillaria, a tree, and Chaloneria, a robust herb, 
were locally abundant in parts of many of these swamps 
(DiMichele et al., 1979). The degree to which any of the 
Stephanian habitats overlap with those of the Westphalian 
has yet to be determined; however, preliminary evidence 
suggests different patterns of resource partitioning. 

Changes in the Species-Level Composition 
o/Habitats 

The species composition of coal swamps underwent 
considerable turnover during the Late Carboniferous. In 
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analyzing the distribution and extent of that turnover through 
time, our objective was to relate it to changes in structure 
at the other levels of organization and to evaluate the locus 
of change with respect to habitats. In this analysis strati­
graphic range data are used, which we believe is justified 
because most species are swamp-centered and therefore 
had potential access to peat swamp ecosystems throughout 
their existence. However, our sampling may miss some of 
the smaller or rarer taxa. There are numerous problems 
with these data: inadequate sampling, inadequate taxonomy 
for many groups, low sampling density in the Westphalian 
B and C, and regional patterns that obscure the overall 
pattern. Nonetheless, the basic message is consistent with 
the pattern seen at the landscape and habitat levels. We 
expect to be able to refme the data as our studies proceed. 

The data are drawn from our own profile and random 
sample analyses in order to avoid problems of inflation in 
the numbers of taxa known from particularly well studied 
coals, and to provide a uniform basis in taxonomic usage 
and sampling design. Thus, even though a species is 
known from a particular coal, if it did DOt appear in profile 
or random sample studies it was listed as absent in the raw 
data compilation; a species will appear as present in the 
data used for the turnover calculation, however, if the coal 
from which it is known falls between fll"St and last occur­
rences in our samples. Species turnover was calculated as 

O'OtI +E,o 

i(n,o + n,OtI) 

Where Erg = species disappearing after a coal at time to; 
Oro.. = species fll"St appearing in the next coal at time tOtI ; 

nrg ::::. nu~ber of s~ies at time 0; and nro..l = number of 
Species In next coal In sequence. 

Turnover pattern is illustrated in Figure 8.9, with land­
scape-level breakpoint boundaries shown as dotted lines. 
Note that the highest turnovers occur around the major 
breakpoints, the Westphalian A-B boundary and the 
Westphalian-Stephanian boundary. Turnover within any 
one of the five major interbreakpoint intervals is much 
lower. The Westphalian D has notably higher diversity 
than the Westphalian A-C or the Stephanian. 

Analysis of species replacements by habitat suggests 
that species replacement patterns are not random across 
the landscape during the Westphalian. Species with simi­
lar ecomorphic characteristics may have complementary 
stratigraphic distributions, or newly appearing species may 
replace older ones as ecological dominants. These species 
tend to replace one another within a given type of biotic 
assemblage and habitat. As a result the ecomorpbic char­
acter of the basic habitats is maintained throughout the 
Westphalian and, presumably, will prove to be maintained 
on a different set of themes during the Stephanian. AJ-
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though species turnover tends to occur in greatest numbers 
at the breakpoints, where landscape patterns also change, 
the replacements that occur at these times are on ecomorphic 
themes, except at the Westphalian-Stephanian boundary. 

At the Westphalian-Stephanian boundary the basic pat­
tern changes. Many of the dominant tree ecomorpbs are 
eliminated in the swamp extinctions. As a consequence, 
the dynamics of species interactions alone appear to dic­
tate the initial patterns of swamp reorganization in the 
early Stephanian. Great variation in the suite of dominant 
species is detected palynologically (Phillips et al., 1974, 
1985) among the coals that occur successively after the 
extinction. Ultimately, the system appears to reequilibrate, 
with fern dominance and pteridosperm subdominance be­
coming the rule for the remainder of the Stephanian. These 
patterns suggest that following the disruption of Westpbalian 
ecosystem structure, coal-swamp dynamics became more 
stochastic for a relatively short period, until a new system 
of interactions was established. 

22 

CLIMATE CHANGE AND CAUSATION 

Evidence for Climatic Variability 

The morphological characteristics of ttopical Euramerican 
floras indicate a humid, warm climate, lacking seasonality 
for much of the time: large, evergreen leaves; trunks and 
leaves with only minor armoring; woods lacking growth 
rings; trees and shrubs with structure suggesting rapid 
growth. The characteristics of Late Carboniferous plants 
are magnified as climate indicators by plants of the younger 
Permian Period in Euramerica, many of which are much 
more xeromorphic in character and suggest growth under 
periodic moisture limitation. One of the most extreme 
examples of xeromorphy in the Permian is the Hermit 
Shale flora of Arizona (White, 1929), which contains only 
seed plants, many of which are armored with spines and 
have thick, highly sclerotic leaves; the flora is associated 
with clear sedimentological indicators of seasonal rainfall, 
and may have inhabited a dry coastal area on the margin of 
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the craton (Stevens and Stone. 1988). Such botanical 
evidence has led paleobotanists (e.g .• White. 1933) to sug­
gest climatic factors as the driving force behind floristic 
change. 

Over the past ten years there has been a reawakening of 
interest in late Paleozoic climate prompted by studies of 
paleogeography (Scotese et al .• 1979; Ziegler et al .• 1981). 
and the resulting models of climatic dynamics (parrish, 
1982; Parrish et al .• 1989). Most of the focus has been on 
climatic fluctuations during the time of Pennsylvanian coal 
fonnation. The most explicit of these have focused on the 
availability of moisture in the lowland tropics. Inferences 
have been based on the stratigraphic patterns of several 
indicators: coal resource abundance (Phillips and Peppers. 
1984). coal sulfur and ash (Cecil et al .• 1985). coal underclay 
mineralogy (Dulong and Cecil. 1989). chemical character­
istics of rocks associated with coal-bearing strata (Cecil et 
al .• 1985; Cecil. 1990). and the abundances of environ­
mentally sensitive fossil plants in coal (Winston and Stanton. 
1989). 

Additional evidence for climatic changes during the 
Pennsylvanian and Permian comes from smaller-scale studies 
of rocks with depositional histories indicating alternation 
of wet and dry conditions on a regional level. Examples 
are underclay mineralogies indicative of long periods of 
subaerial exposure within coal-bearing sequences (Prather. 
1985; Spears and Sezgin. 1985). complex paleosols indi­
cating marine regression and increasingly drier climate 
(Prather. 1985; Goebel et al .• 1989). alternating wetter and 
drier intervals in ancient dune deposits (Driese. 1985). and 
mixed sequences including both fluvial and eolian depos­
its (Johnson. 1987. 1989a.b). Deposits that indicate alter­
nation of wet and dry conditions are generally attributed to 
changes in base level and associated changes in regional 
rainfall patterns. Eustasy. linked to South Polar glacia­
tion. has been cited in most instances as the proximal 
cause of climatic variations (e.g .• Wanless and Shepard. 
1936; Heckel. 1986. 1989; Rust et al .• 1987; Rust and 
Gibling. 1990; and virtually all of the above citations in 
this paragraph). and there is considerable evidence of 
Gondwanan glaciation in the late Paleozoic (Veevers and 
Powell. 1987). Regional and global climate may have 
been affected by a variety of additional factors related to 
regional tectonics. The effects of plate collisions on crustal 
defonnation (Klein and Willard. 1989). changes in circu­
lation patterns associated with the uplift of mountain ranges 
(parrish. 1982). and the movement of continents and cli­
matic belts relative to each other (Ziegler. 1990) all com­
plicate climatic patterns. 

The principal difficulty with most climatic scenarios is 
correlation. It is extremely difficult. some would say 
impossible. to correlate identifiable glacial deposits with 
identifiable changes in base level half the world away. We 
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sympathize with such concerns and recognize that local. 
autocyclic depositional factors will overprint and often 
confound climatic interpretation; how does one differenti­
ate dry climate from locally well-drained conditions based 
on the limited exposures usually available? Nonetheless. 
it is clear that one cannot tum to a "default" climate. It is 
equally clear that climate has a major. if not the major. 
impact on many aspects of sedimentation and the distribu­
tion of biotas. Ziegler (1990) demonstrates this well in his 
summary of an enonnous amount of physical and paleon­
tological data on Permian climatic and biogeographic pat­
terns. He notes that sharp biogeographic boundaries. often 
attributed by paleontologists to physiographic barriers. can 
be the result of subtle climatic variability. a phenomenon 
well marked in the modem world and in the postglacial 
(Holocene) migrational patterns of' plants (e.g .• Delcourt 
and Delcourt, 1987). 

Relationships of Climatic Panerns to 
Vegetational Patterns 

The landscape-level breakpoint boundaries detected in 
Late Carboniferous coal swamps correspond closely to 
times of inferred climatic change during the Westphalian 
and Stephanian (DiMichele et al .• 1986). In eastern North 
America. comparison of three Pennsylvanian climatic sce­
narios with points of vegetational reorganization is illus­
trated in Figure 8.10. The correspondence is remarkably 
close. and the data bases are independent. suggesting a 
correlation-causation relationship. The differences in the 
inferred climatic patterns are not as important as the points 
at which departures from a nonn are detected. It is these 
departures. or major inflections in the climate curves. that 
appear to dictate the times of vegetational change. 

The vegetational changes at the landscape and species 
levels appear to scale approximately to the magnitude of 
inferred climatic variability. The largest inferred climatic 
changes were near the Westphalian A-B boundary and the 
Westphalian-Stephanian boundary. also the times of the 
greatest vegetational changes. However. habitat-level 
changes offer a different perspective. Habitats persist 
through several climatic excursions during the Westphalian. 
retaining ecomorphic attributes and basic generic compo­
sition. It is only during the major climatic changes at the 
end of the Westphalian that habitat structure crumbles. 
This suggests that there are aspects of the structure of at 
least some ecosystems that do not follow climatic patterns 
in a linear manner. Rather. thresholds may exist. and once 
exceeded. a breakdown in organization or a reduction in 
the number of hierarchical levels within the system may 
occur rapidly. 
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cies replacement patterns, followed by ecosystem reorga­
nization along different lines. During the Pennsylvanian, 
such major periods of extinction were rare, permitting the 
biotic-abiotic linkage to persist for millions of years. 

Hierarchical Organization 

These patterns are consistent with an interpretation of 
coal-swamp plant communities as hierarchically organized. 
Species have characteristic ecological amplitudes, which 
are more likely to be shared with closely related than 
distantly related species, at least in the less diverse, pre­
angiosperm world. In a given habitat, the entire plexus of 
species defines a biotic network of evolved interactions. 
Loss of a few species from this network (extinction or 
extirpation) can be accommodated because the system has 
sufficient biotic linkages to be buffered; this notion runs 
counter to the findings of ecosystem models, where the 
greater the number of linkages, the lower is the stability of 
the system. Released resources and severed patterns of 
interaction are most likely to be utilized by species with 

I 

I 

similar morphological attributes. Particularly during the 
Carboniferous, in which ecosystems are sttongly parti­
tioned taxonomically, this means by a species related closely 
to the earlier occupant, and with similar growth form and 
life history. Thus, the ecomorphic-biotic structure of a 
habitat, given sufficient time to evolve, may sttongly con­
strain the nature and dynamics of species replacement. 

Breakdown of the biotic habitat structure will occur 
during catasttophic extinction, as near the Westphalian­
Stephanian boundary. The result is that the biotic fabric 
collapses and no longer can constrain the selection of 
replacement species. At such times the system may go 
into a lottery-like period of species interactions, perhaps 
conttolled largely by interspecific competition (admittedly, 
this is almost impossible to document in the fossil record). 
The new system may reequilibrate and establish a new set 
of biotic limits to species replacement dynamics. 

The coal-swamp floras of the Stephanian bear close 
resemblance to Westphalian floras of the clastic wetlands 
(e.g., Pfefferkorn and Thomson, 1982). This suggests that 
many of the species or clades in Stephanian coal swamps 
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may have had a prior history of cohabitation in the tropical 
wetlands, which may have reduced the levels of interspe­
cific competition necessary to establish a stable system of 
biotic interactions within swamps. The ultimate domi­
nance of tree ferns, with subdominant pteridosperms, is a 
pattern shared by Stephanian coal swamps and the clastic 
wetlands. We do not know if the same species occupied 
both kinds of habitats, but it seems unlikely, because of 
the edaphic constraints imposed by peat substrates. If 
these plants were capable of tolerating disturbances, they 
may have established a very different set of equilibrium 
interactions than those of Westphalian swamps. 

Ecosystem Persistence 

In a system with organization like that of Pennsylva­
nian coal swamps, ecosystem persistence is a real prop­
erty, empirically measurable. The biotic interactions within 
a system tend to conserve its ecomorphic structure and 
dynamics, even if there is species turnover. This general­
ity may be true only during times when physical or extrin­
sic conditions remain relatively uniform for millions of 
years. It may also require sufficient time for a system of 
interactions among component species to evolve. 

The concept of persistence may need to be evaluated at 
bierarchicallevels above species composition. Although 
species associations can persist for millions of years, as 
our data suggest, these patterns may not reveal the major 
structural attributes of the ecosystem. To view all ecosys­
tems as organized strictly as happenstance associations of 
species with similar resource requirements may reflect a 
bias that has grown out of studying short time intervals 
available to neoecology, complemented by the somewhat 
longer patterns of Recent palynology. The climatic fluc­
tuations of the last 10,000 to 100,000 yr are not typical of 
all ofEartb history (moreover, the Northern Hemisphere is 
not a good proxy for the tropics). The dogma of "individu­
alism" should be reevaluated for generality. 

Long-Term Species Replacement Dynamics: 
Evolutio1Ulry Implications 

Species with opportunistic life histories may have a 
significant advantage during intervals of ecosystem dis­
ruption. During a postextinction lottery, high reproduc­
tive output, high dispersibility, tolerance of a diversity of 
physical conditions, ability to grow in disturbed areas, and 
a tendency to spawn peripheral isolates (due to dispersal 
capacities), all favor invasive opportunists. During the 
Late Carboniferous this is seen in the marked expansion of 
tree ferns and scrambling cordaites following breakpoint 
boundaries (Phillips and Peppers, 1984) and by the mas­
sive expansion of tree ferns following the terminal 
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Westphalian extinctions. Tree ferns were cheaply con­
structed; had massive reproductive output, causing vast 
overrepresentation in the miospore record (Willard, 1993); 
produced small and widely dispersed isospores capable of 
founding a population from one spore; and underwent a 
major radiation in coal swamps and clastic lowlands dur­
ing the late Westphalian and Stephanian. Similar patterns 
have been detected at the Cretaceous-Tertiary boundary, 
the now famous "fern spike" (Tschudy et al., 1984), and 
the great radiation of angiosperms in the early Tertiary 
may have been made possible in part by their fundamen­
tally opportunistic biologies during a period of ecosystem 
disruption (Wolfe and Upchurch, 1986; Wing and Tiffney, 
1987). 

A secondary dynamic to result from this process is the 
evolution of larger, longer-lived, presumably more com­
petitive species from opportunistic ancestors. It is the lar­
ger forms that ultimately dominate subsequent ecosys­
tems. The tree fems of the Stephanian again exhibit this 
clearly, and hints of similar patterns are found among the 
pteridosperms, lycopsids, and sphenopsids. Most West­
pbalian marattialeans of coal swamps were not truly large 
trees; Lesnikowska (1989) bas reconstructed scramblers 
and small trees in which virtually all measurable indica­
tors of size are smaller than descendant forms in the 
Stephanian, in some instances up to an order of magnitude 
smaller. Gigantism in Stephanian coal-swamp plants bas 
been noted for sigillarians, which our studies suggest were 
much larger than intraswamp sigillarians of the Westphalian. 
Galtier and Phillips (1985) and Willard and Phillips (1993) 
note record large sizes for medullosan and sphenopsid 
stems in Stephanian peat deposits. Large sizes point to 
longer-lived plants in Stephanian coal swamps, and tax­
onomy points to a new suite of species. Together, these 
observations suggest that Stephanian descendant forms, 
which had become ecosystem dominants, were growing in 
more long-persistent habitats than were Westphalian forms, 
which had been largely subdominant to lycopsids or eco­
logically restricted by them during the Westphalian. 

The fabric created by the biotic interactions among 
organisms plays a large role in dictating evolutionary dy­
namics. Different kinds of opportunities for establishment 
of divergent phenotypes appear to exist during times of 
environmental stability than during times of instability 
and disruption. This is strongly suggested by species turn­
over, both its magnitude and the ecomorphic nature of 
species replacement. We suggest that during periods of 
environmental stability the targets of opportunity for di­
vergent forms are strictly defined by both biotic and abi­
otic factors. Occupied niches are for the most part not 
available to new phenotypes, creating a very fine-meshed 
selective filter. In contrast, during times of environmental 
change, and some degree of consequent disruption of the 
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ecological status quo, the role of the existing biotic struc­
ture is reduced. This may be a threshold response (i.e., the 
biotic fabric exists or it does not). If the fabric is severely 
disrupted. as evidendy happened during the early Stephanian 
within peat swamps, the selective filter becomes coarse 
meshed as numerous opportunities are created for the sur­
vival of divergent forms. It is during such times that the 
role of interspecific competition would be expected to be 
most powerful as an active agent of selection. 

This scenario integrates environmental change with the 
evolving lineages. It is in effect the model presented by 
Valentine (1980) for the origin of putative higher taxa. 
Higher taxa may certainly have a greater chance of sur­
vival durinl times of ecosystem disruption than during 
periods of lonl-term stability; however, the model applies 
to speciation in general. The patterns of the fossil record 
may require lilde more than an understanding that ecosys­
tems have not been in constant flux for the past 600 m.y. 
Recognition that opportunities for survival of divergent 
phenotypes have varied enormously through time may help 
reconcile mechanisms based on studies of living organ­
isms with patterns in the fossil record. 
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